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ABSTRACT 
Water is regarded as the most vital of natural resources for the sustainability of life, 
yet freshwater systems are directly threatened by pollution. Among the many 
pollutants are organic emerging pollutants such as synthetic chemicals and 
pharmaceuticals. Bisphenol A (BPA) and ibuprofen are examples of such a synthetic 
organic compounds. Current wastewater treatment technologies such as membrane 
technology, chemical treatment and biodegradation are not always efficient in 
removing toxic emerging organic pollutants. This is because they were not 
specifically designed to remove these contaminants. Photocatalysis on the other 
hand, has shown great potential to remove toxic emerging pollutants from the 
environment. Over the years, TiO2 catalyst has been used widely for water 
remediation applications. 
Surface modification of TiO2 is necessary to extend its use in the visible region of 
the solar spectrum and to reduce the inherent fast recombination rate of charges. 
Polyaniline (PANI)-wrapped TiO2 nanorods (PANI-TiO2), obtained through the 
oxidative polymerization of aniline at the surface of hydrothermally pre-synthesized 
TiO2 nanorods, were evaluated as photocatalysts for the degradation of BPA. 
Fourier-transform infrared spectroscopy (FTIR) analysis revealed the successful 
incorporation of PANI into TiO2 by the appearance of peaks at 1577 cm-1 and 1502 
cm-1  that are due to the C=C and C=N stretch of the benzoid and quinoid. Brunauer-
Emmett-Teller (BET) analysis revealed the presence of mesoporous material in 
PANI-TiO2. Transmission electron microscopy (TEM) analysis showed that TiO2 
nanorods with different diameters were synthesized. The TEM analysis showed that 
a thin layer of PANI wrapped the TiO2 nanorods. X-ray diffraction (XRD) and Raman 
spectroscopy revealed that anatase phase TiO2 was synthesized with typical Raman 
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vibration peaks at 637 cm-1, 514 cm-1, 396 cm-1, and 195 cm-1. X-ray Photon 
Spectroscopy (XPS) survey scan of the PANI-TiO2 nanocomposite revealed the 
presence of C, O, Ti, and N. Photocatalytic activity evaluation under UV radiation 
through the effect of key parameters, including, pH, contact time, dosage and initial 
concentration of BPA was carried out in batch studies. Within 80 min, 99.7% of 5 
ppm BPA was attained using 0.2 g/L PANI-TiO2 photocatalyst at pH 10. PANI-TiO2 
showed a better performance than as-synthesized TiO2 with a rate constant of 4.46 
x 10-2 min-1 compared to 2.18 x 10-2 min-1. Nitrate ions increased the rate of 
degradation of BPA whilst humic acid consistently inhibited the degradation of BPA. 
LC-MS analysis identified degradation products with m/z 213.1, 135.1 and 93.1. The 
PANI-TiO2 nanocomposite was reused up to five cycles with a removal of at least 
80% in the fifth cycle. 
PANI capped WO3@TiO2 nanocomposite prepared through a three–stage synthetic 
route was evaluated for the degradation of ibuprofen under visible light. XRD 
analysis confirmed the anatase phase of TiO2 and monoclinic and orthorhombic 
WO3 crystalline structures were formed. The XRD analysis confirmed that the 
phases were not affected by wrapping in PANI.TEM analysis confirmed that TiO2 
nanorods were synthesized with different diameters. TEM analysis showed that a 
WO3@TiO2 heterojunction was formed. A PANI layer was wrapping the 
heterojunction was observed.  
Photoluminescence analysis revealed that pairing TiO2 and WO3 resulted in 
improved charge separation. The charge separation was further improved by 
wrapping the heterojunction in a PANI matrix. DRS calculations showed that pairing 
TiO2 with WO3 extended the band edge to about 420 nm thus facilitating the use of 
the nanocomposite in the visible region of the solar spectrum. XPS analysis revealed 
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the presence of W, C, O, Ti, N, and their corresponding photo electron peaks were 
found to be W4f, W4d, C1s, O 1s, N1s, and Ti 2p. The degradation of ibuprofen was 
influenced by pH with maximum degradation observed at pH 9. The degradation 
conformed to the Langmuir-Hinshelwood kinetic model. The rate constant, K for the 
degradation of ibuprofen by WO3@TiO2 and PANI/WO3@TiO2 was 2.59 x 10-2 and 
3.5 x 10-2 respectively that were significantly higher than that of pristine TiO2, which 
was 1.92 x10-2. 
Bicarbonate/carbonate ions accelerated the degradation of ibuprofen at 0.5 mM to 
5 mM concentrations. There was little difference after increasing the concentration 
to 10 mM HCO3-. The presence of persulfate ions accelerated the degradation 
process of ibuprofen. 
PANI supported Ag@TiO2 nanocomposite was synthesized via oxidative 
polymerization of aniline on Ag@TiO2. The Ag@TiO2 nanocomposite was 
synthesized by the photo-reduction of Ag nanoparticles on hydrothermally 
synthesized TiO2 nanofibers. Raman analysis revealed that the anatase phase of 
TiO2 was synthesized showing typical peaks at 195 cm-1, 396 cm-1, 514 cm-1, and 
637 cm-1. The incorporation of PANI, a carbonaceous material was confirmed by 
appearance of D-band and G-band in Ag@TiO2-PANI that were located at 1505 cm-
1 and 1603 cm-1 respectively. XRD analysis confirmed the anatase phase of TiO2 
was synthesized. TEM analysis revealed that TiO2 nanofibers were synthesized 
successfully and Ag nanoparticles of different sizes were deposited on their surface. 
XPS survey scan of the Ag@TiO2-PANI-nanocomposite revealed that the 
nanocomposite was made from C, O, Ag, Ti, and N. DRS and Tauc`s plot estimated 
the band gap of Ag@TiO2-PANI to be 3.0 ev. A comparative study of the 
photocatalytic performance of Ag@TiO2-PANI catalyst showed better degradation 
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performance under both conditions than pristine TiO2, and Ag@TiO2 with a 
degradation of up to 99.7% under visible light irradiation. The degradation 
experiments showed that the reactive species that were dominant in the degradation 
of BPA were h+ and .O2-. Ag@TiO2-PANI nanocomposite was re-used to degrade 
BPA with a removal of at least 90% in the fourth cycle.   
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CHAPTER 1:  
INTRODUCTION  
1.1 BACKGROUND 
The rapid expansion of industry and the increase in human population has increased 
the strain on ‘clean’ water resources. As the world struggles with the increased 
demand for clean water, which is also aggravated by unpredictable climate change, 
the burdens on natural resources are escalating. Water is the most vital of natural 
resources, yet the quality of freshwater habitats is deteriorating. Safeguarding water 
quality and safety has become important for governments and water controlling 
bodies in order to avoid human health problems because clean water is essential 
for human development and well-being. The World Health Organization (WHO 
2017) estimated that 844 million people are at risk of using contaminated water [1]. 
In addition, millions have been reported to die from severe water borne diseases 
annually [2]. These numbers are expected to grow significantly in the near future, 
as water pollution is anticipated due to the increasing rate of discharge of pollutants 
in water systems. A growing number of pollutants ranging from biological, inorganic 
and organic contaminants to emerging micropollutants are finding their way to water 
sources [3, 4]. Their presence in water bodies pose a serious threat to the 
environment and the health of humans and animals [5, 6]. 
However, besides the presence of other toxic contaminants in water, emerging 
pollutants have recently raised a lot of concern [7, 8]. Emerging pollutants are a new 
class of chemicals without regulatory status and impact on the environment and 
human health, (USA-EPA). They include drugs of abuse, pesticides, 
pharmaceuticals, personal care products, flame-retardants, disinfection by-
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products, and synthetic industrial chemicals [9-12]. The willful or accidental 
discharge of these emerging pollutants into the environment has deleterious effects 
on the quality and aesthetics of water sources [11]. The undoubted threat posed by 
their presence has prompted research activities towards their removal using 
different wastewater treatment technologies [12-14]. 
Therefore, this study focuses on the removal of emerging organic pollutants from 
water using an adsorptive photodegradation technology, wherein a robust and 
efficient system was developed using TiO2-polyaniline based nanocomposites as a 
new generation of photocatalysts. 
1.2 PROBLEM STATEMENT 
Recently, emerging pollutants have been identified as a new threat to human, animal 
and environmental wellness [11, 15]. The detection of emerging pollutants in treated 
drinking water is testimony that the current conventional wastewater treatment 
methods are not effective in their removal [16-18]. This is mainly because the 
conventional techniques were not designed to remove these specific contaminants. 
Furthermore, treatment methods such as chemical oxidation pose threats to human 
and animal health [18, 19]. For example, chlorine can be used to disinfectant water 
but its use can result in mutagenic and carcinogenic disinfection by-products [20]. 
In addition, the use of chemicals results in generation of sludge that presents 
challenges in disposal and secondary pollution of water resources [19]. Some of the 
treatment methods such as reverse osmosis though effective are expensive due to 
the power demands [21]. Recently adsorption technology, lauded as a cheap and 
efficient method, suffers from cardinal challenges such as selectivity, sensitivity and 
secondary pollution threats from the spent adsorbents [22]. In addition, conventional 
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methods such as reverse osmosis, and biological treatment are operationally, 
financially and energetically not viable for most developing countries [23]. Therefore, 
there is a need to develop methodologies that are robust, effective and relatively 
cheap to address the challenges presented by emerging pollutants.  
1.3 JUSTIFICATION 
Water pollution has become a critical issue worldwide and the biggest challenge 
faced by governments and local water regulatory authorities is to provide clean 
water to all the citizens. Among the challenges they face, is the removal of emerging 
pollutants from drinking water [11]. The presence of these emerging pollutants has 
raised concerns due to their potential negative impact to humans, animals and the 
environment [10, 24]. Therefore, there is a drive to develop technologies that are 
cheap, robust and sustainable towards wastewater treatment. There are ongoing 
studies in our research group and in the Department of Applied Chemistry, 
University of Johannesburg that focus mainly on the synthesis of adsorptive and 
photodegradation materials for removal of pollutants from water. For example, 
TiO2@polypyrrole hybrid nanocomposite was synthesized via a sol-gel method and 
oxidative polymerization reaction. The nanocomposites displayed excellent 
deflouridation performance on simulated water, with rapid adsorption and a high 
adsorption capacity of 31.93 mg g−1 [25].  
Among the treatment methods that have been applied, advanced oxidation 
processes has been consistently identified as effective methodology for the removal 
of persistent organic pollutants from aqueous environment [26-28]. Among the 
advanced oxidation processes, for example,  the photodegradation technique, which 
is based on the ability of semiconductor materials to absorb a photon of energy 
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equal to or greater than its band gap energy and generate hydroxyl ( .OH) and 
superoxide (.O2-) radicals has been consistently used to degrade organic 
contaminants [29]. Photodegradation offers high efficiency, low toxicity, simplicity in 
design and ease of operation [29-31]. In addition, photocatalysis is highly regarded 
as an efficient and eco-friendly technique in wastewater treatment especially if it is 
utilized under visible light irradiation [30, 31]. Photodegradation can be made more 
efficient by using nanomaterials as they have been shown to have better 
performance than their bulk counterparts [32, 33]. For example, 
Fe2O3/TiO2 nanoparticles prepared by sol–gel method showed excellent removal 
efficiency for methylene blue dye [34]. The authors attributed the removal 
performance to both adsorption and photodegradation by the 
Fe2O3/TiO2 nanoparticles.    
Amongst the many photocatalysts that have been applied in environmental 
remediation, titania has consistently shown excellent ability to degrade organic 
pollutants [35, 36]. This is because of its admirable properties including strong 
oxidizing power, large surface area, corrosion resistance, non-toxicity, and cost 
effectiveness [35-37]. However, its application has been hindered by the high 
recombination rate of the electron-hole pairs and the fact that it is only active under 
ultraviolet radiation [29]. Recent research developments have shown that TiO2 can 
be modified to extend its use in the visible region of the solar spectrum [38, 39]. For 
example, pairing of TiO2 with low band gap semiconductors such as BiVO4 has been 
shown to extend the use of TiO2 based nanocomposite into the visible region of the 
spectrum [39]. Surface modification of TiO2 with metal dopants has also been shown 
to reduce the recombination rate of charges [40]. The metal centers have been 
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reported to scavenge electrons resulting in significant reduction of the rate of 
recombination [40]. 
Recently, polyaniline (PANI) polymers have gained interest in water remediation as 
adsorbents or as supports for various metal oxides [41, 42]. This is due to its 
attractive intrinsic properties such as biocompatibility, facile synthesis, stability, 
electrical conductivity, and tunable properties [43-45]. In addition, PANI tends to 
undergo π-π stacking with organics and hence may be utilized to contact organic 
pollutants and facilitate their degradation by a photocatalyst when the polymer is 
used as a photocatalyst support [46]. Furthermore, supporting nanometals on PANI 
eliminates the inherent agglomeration of nanomaterials, allowing full efficiency of 
systems to be attained. 
Based on the above consideration, this work seeks to fabricate photocatalysts that 
are cheap, efficient, sustainable and can be utilized under ultraviolet and visible 
radiation towards degrading emerging organic pollutants such as pharmaceuticals 
and synthetic organic compounds such as ibuprofen. The resultant nanocomposites 
are expected to have promising potential as photocatalysts for degrading emerging 
organic pollutants. 
1.4 AIM AND OBJECTIVES 
1.4.1 Aim 
The aim of this project was to synthesize nanostructured TiO2 photocatalyst and 
their nanocomposites for the photodegradation of emerging pollutants such as 
bisphenol A and ibuprofen from wastewater. 
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1.4.2 Objectives 
In order to achieve the aim, the following objectives were fulfilled: 
● To synthesize nanostructured TiO2 photocatalyst using hydrothermal and the 
microwave synthesis technique. 
● To modify the nanostructured TiO2 with Ag noble metals and WO3.  
● To synthesize polyaniline (PANI) and use it as a support for nanostructured 
photocatalysts.  
● To support nanostructured TiO2 photocatalyst and their nanocomposites on PANI 
polymer. 
● To characterize modified and unmodified TiO2 photocatalyst using techniques 
such as FTIR spectroscopy, scanning electron microscopy (SEM), 
thermogravimetric analysis (TGA), XRD and BET. 
● To investigate the efficiency of the TiO2-based nanocomposite materials in the 
degradation of bisphenol A and ibuprofen in simulated wastewater samples using 
photodegradation studies. 
● To study the reusability of the nanocomposite materials.  
1.4 STUDY HYPOTHESIS 
Modified Titania nanostructures can be synthesized by wet chemical methods. The 
structural and morphological properties can be varied on the as-prepared 
nanostructures. These can be applied effectively for environmental applications. 
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1.5 THESIS OUTLINE 
Below is an outline of the thesis. It provides a concise description of the remaining 
chapters covered in this thesis. 
Chapter 2 
This chapter outlines a review of the literature relevant to this study. Current 
analytical techniques that have been used in the detection and quantification of 
emerging pollutants are highlighted in this chapter. The chapter contextualizes the 
issues introduced in the problem statement by providing a review of conventional 
methods for water treatment and highlighting the advantages of advanced oxidation 
with emphasis on the importance of photodegradation as an advanced treatment 
method for emerging organic method. The process of photocatalysis is discussed in 
detail with emphasis on degradation using TiO2 and its nanocomposites. The 
problems associated with the practical use of TiO2 photocatalyst are highlighted. 
Modification techniques applied thus far to improve the use of TiO2 and its 
nanocomposites are discussed in detail.  
Chapter 3 
This chapter summarizes the various methods and instruments that were used in 
this work providing the theory behind the operation of the relevant instruments. 
Chapter 4: Photocatalytic degradation of bisphenol A in water using PANI-
wrapped TiO2 nanorods  
This chapter presents the synthesis of PANI-wrapped TiO2 nanorods and their 
subsequent application in degradation of bisphenol A under UV light irradiation. The 
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kinetic data of the degradation process was fitted into the Langmuir-Hinshelwood 
model. 
Chapter 5: Visible light photodegradation of ibuprofen by PANI capped 
WO3@TiO2 nanocomposite in water 
The synthesis of PANI capped WO3@TiO2 nanocomposite is outlined in this 
chapter. Various characterizations of the as-synthesized photocatalysts were 
carried out and presented in this chapter. The degradation of ibuprofen was 
influenced by pH with maximum degradation observed at pH 9. The degradation 
conformed to the Langmuir-Hinshelwood kinetic model. 
Chapter 6: Enhanced degradation of BPA in water by PANI supported Ag/TiO2 
nanocomposite under UV and visible light  
The synthesis of PANI supported Ag/TiO2 nanocomposite is presented in this 
chapter. The characterization techniques and their results were shown in this 
chapter. The degradation performance of the as-synthesized photocatalyst in 
degrading bisphenol A under UV and visible light radiation are highlighted. 
Chapter 7: Recommendations and conclusion 
All the important findings of this study and recommendations drawn from it are 
discussed in detail in this chapter. 
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CHAPTER 2:  
TIO2 BASED NANOCOMPOSITES FOR PHOTODEGRADATION OF 
EMERGING POLLUTANTS: A REVIEW  
(Manuscript under preparation) 
2.1 INTRODUCTION 
The modern world is faced with an increase in industrialisation, population, and 
urbanisation, which has led to a strain on clean water attracting attention worldwide 
[1]. The increase in discharged pollutants into the natural water cycle has been 
reported to have an impact on the availability of clean and potable water [1-4]. In 
recent years, emerging organic pollutants have been detected in water sources. 
Their presence has raised concerns across the world. This chapter presents a 
review of the current analytical techniques that have made their detection and 
quantification in the environment possible.  A brief explanation on the methods used 
to remove these emerging organic pollutants is highlighted. Thus, some emphasis 
is placed on photocatalysis and specifically on the use of TiO2. The challenges faced 
in its use also highlighted. 
2.2 Pollutants 
Water pollution can be due to natural events or anthropogenic sources [1]. The 
pollution of water habitats by toxic molecules of biological, inorganic and organic 
nature is currently the world’s principal concern [2]. For example, biological pollution 
makes water unusable and often results in deleterious effects to humans [3]. The 
presence of excess concentrations of pathogenic organisms in water sources 
renders the water unsuitable for drinking and recreational purposes [4]. Curiously, 
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most biological pollutants emanate from human and animal waste [4]. For example, 
coliform bacteria is mostly released in water bodies through faeces from humans 
and animals. Escherichia coli (E.coli) is an example of such coliform that is released 
through human and animal faeces [5]. In many developing countries across the 
world, wastewater treatment systems are not effective and drinking water is mostly 
contaminated with invasive species [6]. Invasive species such as viruses, parasites, 
and bacteria have been reported to breed uncontrollably in human waste [4, 6]. 
These pathogenic microbes are mainly introduced into water habitats through 
sewage discharge and wastewater from industries [6]. They cause epidemic or 
sporadic cases of diseases that exhibit a wide range of symptoms. Examples include 
Hepatitis A, Plasmodium and Vibrio cholera. 
Hepatitis A is a virus that causes hepatitis A, a liver disease that is mainly transmitted 
fecal-orally [7, 8]. In most developed countries, there are fewer cases of hepatitis A 
than in developing countries due to improved sanitation. Likewise, Plasmodium, a 
common protozoan parasite that causes malaria is prevalent in developing countries 
that have poor drainage systems, which provide breeding areas for mosquitoes. 
Another invasive species that is prevalent in water habitants is Vibrio cholerae, 
bacteria that causes cholera [9]. Cholera epidemics are common in developing 
countries due to poor sanitation and social economic conditions [10]. If not treated 
quickly, cholera can quickly lead to severe dehydration and death [9, 10]. Likewise, 
dysentery a bacterial disease caused by Shigella dysenteriae can be fatal if it is not 
treated quickly [11]. It is also common in developing countries with poor sewage 
handling systems. 
On the other hand, inorganic contaminants are present in water in high quantities 
because of anthropogenic and naturogenic actions in addition to human activities 
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[11]. Due to the high concentrations of these inorganic pollutants, the quality of water 
has declined to disturbing levels [12]. This is mainly because they are persistent and 
non-biodegradable [2]. Inorganic contaminants include sulphates, nitrates, mineral 
acids, inorganic salts, trace elements, complexes of metals with organic compounds 
and heavy metals [13]. A high concentration of inorganic contaminants such as 
nitrogen and phosphates in water systems result in overgrowth of plants and algae 
[14]. When these plants die, they lead to reduction in oxygen due to eutrophication 
[14].  
A substantial number of chemical elements are crucial for human and animal life but 
at high concentration levels, some of them result in negative impacts to humans and 
animals. For example, most heavy metals cause detrimental effects to humans at 
high concentration [15]. They act by changing enzyme specificity [16]. For example, 
Cu, Zn, and Fe are essential metals for humans and animals but are harmful to the 
health of living organisms at higher concentrations [17]. Likewise, a higher 
concentration of fluoride in the body causes deleterious effect to humans [12, 15]. It 
is recommended to have optimum fluoride concentrations in the range of 1.0-1.5 
mg/L in drinking water in order to improve dental and bone health to prevent dental 
caries and osteoporosis [12]. However, consumption above the recommended 
concentration may result in fluorosis.  The fluoride ion, being highly electronegative 
readily binds with positively charged calcium ions present in the teeth [18]. 
Excessive dental fluorosis appears as white patches on teeth [18].  
In recent years, organic pollutants continuously degrade the quality of limited fresh 
water resources, seriously affecting humans and animals. These include dyes, 
chlorinated organic compounds, polycyclic aromatic hydrocarbons (PAHs), 
phthalates, phthalate esters (PAEs), pharmaceutical personal care products 
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(PPCPs), and herbicides [19-22]. For example, organic dyes in wastewater from 
industries such as textiles, pharmaceuticals, papers, and plastics are well known for 
their carcinogenic and mutagenic nature [23]. Their uncontrolled discharge in water 
sources causes severe environmental challenges such as reduction in light 
absorption, which in turn results in the inhibition of photosynthesis in aquatic 
vegetation [20].  
Other organic pollutants of concern are products that were synthesized for use in 
industry but end up as pollutants in the environment. For example, phthalates are 
produced for use as plasticizers in the manufacturing of bottles, toys and personal 
care products but have since raised concerns due to their carcinogenic potential 
[24]. Consequently, these synthetic organic compounds present a new challenge to 
humans because of a lack of knowledge of their effect on long-term exposure to the 
compounds [25]. Synthetic organic compounds are part of a new class of 
contaminants of concern known as “emerging pollutants”. 
2.3 Emerging pollutants 
Emerging pollutants are a new class of chemicals without regulatory status and 
impact on the environment and human health, (USA-EPA). They include disinfection 
products, flame-retardants, pesticides, drugs of abuse, personal care products, 
pharmaceuticals in addition to industrial products and by-products [26-28]. Recently, 
anthropogenic pollution has presented serious environmental issues worldwide and 
is increasingly posing problems to water management companies and governments 
due to the potential harmful effects to humans and animals [29]. Emerging pollutants 
are increasingly detected in the environment [22]. For example, 
bromodichloromethane, a by-product of the disinfection process of water is well 
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known to be carcinogenic [30]. It is formed when chlorine reacts with organic 
compounds in water. The exposure to bromodichloromethane arises by ingestion, 
inhalation or skin contact while drinking, showering or bathing [31]. Due to the 
numerous routes involved and the potential negative consequences, 
bromodichloromethane represents an environmental pollutant of concern [31, 32].  
In recent years, brominated flame-retardants (BFRs) have been extensively applied 
to decrease the flammability of many products such as construction materials 
electrical equipment, electronics, textiles, furniture, buildings and coatings [33, 34]. 
The commonly used ones such as polybrominated biphenyl ethers (PBDEs) were 
banned in Europe due to concerns over their potential toxicity and persistence in the 
environment [34]. The ban led to the substitution of reactive flame-retardants (FRs) 
with brominated and chlorinated flame-retardants additive flame-retardants. 
However, due to the resemblance in the chemical makeup of these alternatives, 
there is a high chance of them behaving the same way in an aqueous environment 
[33]. In addition, these additive flame-retardants have been reported to easily 
escape the finished products by leaching out more easily than reactive flame-
retardants [35].  
Subsequently, flame retardants such as 2,6-dibromophenol (2,6-DBP) has raised a 
lot of concern due to their persistence and bioaccumulation in water sources [36]. 
2,6-DBP can enter the aquatic environment through the disposal of industrial 
products where it can be ingested by animals, fish, and humans. Due to its ability to 
bioaccumulate, 2,6-DBP has been consistently detected in fish, raising concerns 
[36, 37]. For example, Hirayama et al reported concerns that 2,6-DBP resulted in 
the bad taste of fish. PBDEs are suspected to cause a spectrum of protracted 
cognitive disorder diseases as well as hormonal and liver malfunction [35]. 
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Therefore, their presence in water sources continue to trouble water treatment 
organizations and scientists. 
In years, pesticides have been synthesized and applied to control and kill pesticides. 
Pesticides can be classified as organophosphates, organochlorines, carbamates, 
and pyrethrins depending on their chemical structure [38]. Due to their stability, 
pesticides can bioaccumulate in the environment. Recent studies have confirmed 
their presence in water habitats [39]. Due to their design, pesticides, bioaccumulate 
in living organisms and in humans and animals they have been recently associated 
with a plethora of negative effects. Recently, organophosphates and carbamates 
have been shown to affect the nervous system in some cases resulting in deaths 
[40]. Furthermore, prenatal exposure to these pesticides poses a range of other 
hazards. For example, in a study, atrazine was reported to destroy embryos and 
greatly reduced their chances to progress to form blastocysts [41]. In addition, 
pesticides have also been reported to cause birth deformities [40]. The main source 
of exposure is through run off, agricultural products such as fruits, vegetables as 
well as animal products such as meat and milk. In addition to morbidity, exposure to 
pesticides is associated with birth defects and cancers [27, 40].  
Remarkably, synthetic organic compounds such as pharmaceutical products 
continue to be detected in water habitats and there is a growing concern about their 
potential effects to humans and aquatic life [42]. Some of them are released by 
industry such as pharmaceutical, personal care, production, and food preservation 
during manufacturing into the water habitats. For example, pharmaceutical products 
such as analgesic drugs, (ibuprofen, aspirin, paracetamol) and antibiotics (triclosan 
and sulfamethoxazole) have been reported to be persistent in water sources [29]. 
Researchers have reported observable changes in sex ratio of crustacea, on 
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exposure to pharmaceutical drugs such as sulfamethoxazole, trimethoprim, and 
triclosan [43]. In addition, diclofenac a pharmaceutical drug that is administered as 
an anti-inflammatory treatment was reported to be responsible for the enormous 
decline in populations of vulture species in Asia [27]. Thus, the presence of these 
pharmaceuticals in water habitats can seriously harm the environment, animals, and 
humans by causing genetic exchange. In addition to concerns of their negative 
effects to the fauna and flora, they may activate drug resistance in bacteria [43].  
Pharmaceuticals drugs are usually excreted in their original forms or as metabolites 
after metabolizing in humans and animals [44]. These organic molecules enter the 
environment via faeces or urine after their consumption by humans and animals, or 
via disposal in refuse bins. 
These pharmaceutical compounds, tend to persist and some of them are only 
incompletely degraded during wastewater treatment or evade treatment altogether 
via sewage overflows [45]. This significantly adds to their load in receiving waters, 
many of which are used for recreational and drinking purposes. 
In recent years, researchers have reported the presence of drugs of abuse in water 
sources including drinking water [46]. These drugs are mostly detected at trace 
levels (ng/L) and this has raised concerns due to the associated deleterious impacts 
on the environment and health [47]. Examples of drugs of abuse and some of their 
metabolites that have been detected in drinking water include methamphetamine, 
methylenedioxyethylamphetamine (MDEA), cocainics, cannabinoids, 
benzodiazepines, cyclohexanones, xanthines, 3.4-
methylenedioxymethamphetamine (MDMA)] and 3,4-methylenedioxyamphetamine 
(MDA) [46, 47]. Their presence in wastewater, groundwater and surface water 
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presents a potential risk for indirect human exposure to them via drinking water 
supplies [46]. For example, in a study carried out in drinking water sources in Spain, 
cocainics were detected in three out of the four sampling points [46].  
Most emerging organic pollutants are notoriously persistent in the environment. This 
is because of their ability to resist natural (chemical, biological and photolytic) 
reactions [48]. As a result, these emerging organic pollutants bioaccumulate in 
humans and animals causing various diseases and conditions [49]. For example, 
bisphenol A (BPA), a synthetic organic compound that is widely used in food 
packaging, manufacture of flame-retardants, plastic products, toys, medical 
equipment, and tubing has been widely reported to act as an endocrine disruptor 
when released in water habitats [50-53]. BPA enters water bodies through leaching 
and as an effluent from manufacturing plants. This persistent organic pollutant acts 
by binding to an estrogen receptor and influences the function of cells [51, 54].  
Despite its occurrence at low concentrations, researchers have highlighted that BPA 
may cause, obesity, lung cancer, stunted growth and other ecotoxicological effects 
that may manifest in humans and animals. Currently, there is growing interest in 
BPA research by many scientists due to its extensive use in several products, as 
well as its toxicity and persistency in water sources.  
The increasing detection of emerging pollutants in water sources is owed to the 
continuous development of analytical instruments and methods that can accurately, 
detect and quantify these trace compounds in the environment. 
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2.4 Methods for detection and quantitation of emerging pollutants 
Over the years, the release of “emerging” pollutants into the environment frequently 
has occurred for quite some time, but methods for their detection have only recently 
become available [55]. Detection of emerging trace pollutants presented challenges 
due to the low detection limits required, diverse physico-chemical properties, and 
challenges in separating these complexes from interference [55]. Their detection 
has been credited to improvements in analytical instruments and methodologies that 
afford the necessary sensitivity and specificity to ensure accurate measurement. 
This has necessitated the analysis of analytes even in the most complex of 
environmental matrices, leaving negligible uncertainty as to the occurrence of 
emerging pollutants in the environment [22, 55]. The accurate quantification of the 
amount of pollutants in food, water, and other sources is of great importance in 
coming up with a reliable and accurate health risk assessment and recommendation 
for safe exposure concentration by regulatory bodies. 
Analytical techniques such as High performance liquid chromatography (HPLC), 
Gas chromatography (GC), Liquid Chromatography–Electrochemical Detection 
(LC-ED), and Gas Chromatography-Mass spectrometry (GC–MS) have been 
applied to analyze emerging organic pollutants in different matrices [56-58]. HPLC 
is mainly used for the qualitative and quantitative analysis of non-volatile ionic 
molecules [44]. It is mainly coupled with ultraviolet (UV), fluorescence (FL), diode 
array and or MS [59].  
Most of these analytical processes involve a pre-concentration before the detection 
step. For example, the GC detection technique requires derivatization using 
moderately polar solvents prior to detection of organic pollutants in most aqueous 
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sample matrices. This derivatization stage makes the use of GC based techniques 
to be tedious, as it may take long to complete before analysis [60, 61]. However, 
derivatization of samples is a necessary step with most analytes as it improves 
detection efficiency. For example, derivatization of bisphenols in protein samples 
have been shown to significantly improve the signal-to-noise ratios compared with 
the underivatized samples in analysis done using high-resolution mass 
spectrometry [61, 62]. Chemical derivatization is commonly utilized for poorly 
ionizable analytes to improve the detection efficiency using electron spray 
ionization–mass spectrometry (ESI-MS) [62]. However, the use of chemical 
reagents results in chemical pollution and there is a call to use techniques that don`t 
need sample pre-concentration [59]. Although there are calls to eliminate the use of 
chemicals in derivatization and pre-concentration steps, their elimination implies an 
increase in problems affecting analyte detection [59].  
New methods of analysis continue to be developed to detect as well as project the 
fate of emerging pollutants in the environment [44]. Hyphenated techniques are 
gaining popularity for multiple analytes as they deliver reliable results within a short 
duration with low quantification limits. Hyphenated techniques are especially 
important in the analysis of emerging pollutants because they are sensitive 
techniques that also offer selectivity and have low limits of detection [55]. Pairing of 
LC and GC with mass spectrometry has proved to be one of the best techniques in 
analytical chemistry as MS gives information on the compound’s molecular structure 
in addition to its high sensitivity and selectivity [44]. Recently, more advanced hybrid 
mass spectrometry has been developed. For example, TOF-MS, QqToF, 
quadrupole linear ion-trap-mass spectrometry (QqLIT-MS), and the hybrid linear ion 
trap FT Orbitrap mass spectrometry (LTQ FT Orbitrap MS) [44]. Hyphenated 
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techniques are especially helpful in identification and quantification of emerging 
pollutants that are mostly found in trace amounts in the environment especially in 
water habitats. For example, the LC–MS/MS methods are popularly applied to 
analyze pharmaceuticals such as antibiotics and their transformation products [63]. 
In order to determine emerging organic pollutants quantitatively, in matrices, sample 
preparation steps are carried out. Sample preparation of emerging pollutants often 
involves an extraction step to separate the molecules of interest from a complex 
aqueous matrix [44]. In addition, this critical step concentrates the target molecules 
improving the sensitivity of the analysis. Emerging organic pollutants are easily 
extracted using the normal solvent extraction techniques [64]. Extraction solvents 
that are applied for organic analytes include ethanol, methanol, and acetonitrile [64]. 
The choice of solvents is important depending on the functional groups of the 
compounds as well as the pH. For example, most antibiotics often have a non-polar 
core and polar functional groups, so their dissociation or protonation is depended 
on the pH [63]. Hence, polar or non-polar phases can lead to incomplete extraction, 
leading to challenges in analysis. 
Researchers use various extraction procedures including solid phase extraction 
(SPE), Soxhlet extraction (SE), liquid-liquid extraction (LLE), solid-phase micro 
extraction (SPME) and microwave-assisted extraction (MAE) [65, 66]. SPE and SE 
have a disadvantage of requiring large volumes of solvents with SE having an 
additional drawback of requiring longer times compared to most of the extraction 
techniques. Among the extraction techniques, SPME has gained acceptance due to 
its suitability in concentrating analytes in complex matrix such as biological samples, 
food and forensic samples [59]. In addition, the use of small sample volumes also 
gives it an advantage over other sample pre-concentration techniques. SPME has 
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been applied to concentrate emerging organic pollutants such as organophosphorus 
pesticides [59]. On the other hand, MAE is gaining popularity as it is considered 
environmentally friendly because small solvent volumes are used. In addition, the 
extraction process is also significantly shorter than the other methods, making it a 
more efficient method than the other options [65].  LLE is a technique that relies on 
the partition of dissolved analytes between an organic solvent and an aqueous 
phase according to their partition coefficients [44]. The major disadvantage of LLE 
is that it requires the use of large volumes of solvents and it is less efficient than the 
other techniques although it has an advantage of producing clean extracts [66]. 
In order to reduce the use of solvents in sample preparation, researchers are 
encouraged to use techniques that use small amounts such as: SPME, pressurized 
liquid extraction (PLE), supercritical fluid extraction (SFE), subcritical water 
extraction (SWE), dispersive liquid–liquid stir bar sorptive extraction (SBSE), liquid-
phase microextraction (LPME), microextraction (DLLME); and single-drop 
microextraction (SDME) [59, 67]. 
The presence of emerging pollutants in water systems has raised concerns 
regarding the long-term health effects and therefore there is an urgent need to 
remove them. 
2.5 Methods used to remove emerging pollutants from the environment 
In order to meet the undisputable need for clean water, various wastewater 
treatment processes are carried out involving a variety of physical, chemical and 
biological technologies [45]. The process of primary treatment involves the removal 
of solids through processes such as coagulation, flocculation, and sedimentation 
[68, 69]. However, despite the necessity of the primary treatment of wastewater, the 
 27 
removal efficiency of emerging organic pollutants such as pharmaceuticals is very 
low [45, 68, 69]. The organic load of the wastewater is greatly reduced during 
secondary treatment via techniques such as activated sludge and membrane 
bioreactors (MBRs). In the secondary treatment of wastewater, most organic 
pollutants are removed from wastewater. However, the process often leads to 
production of transformation products that remain in the water after treatment. After 
primary and secondary treatment, some pollutants remain in the water and therefore 
further treatment is required. In this chapter, all these treatment processes carried 
out after primary and secondary treatment fall under tertiary wastewater treatment. 
These “polishing” steps used for the removal of emerging organic pollutants include 
techniques such as chemical oxidation, membrane filtration, adsorption, and 
advanced oxidation processes [70-72].   
2.5.1 Chemical oxidation 
This treatment approach utilizes strong oxidants to chemically change emerging 
organic pollutants into less toxic by-products [68, 73, 74]. Chemical oxidation 
methods have been widely applied in wastewater treatment processes. The 
oxidants that are currently in use include ozone (O3), ferrate [Fe (VI)], chlorine, 
chlorine dioxide, hydrogen peroxide, and permanganate [Mn (VI)] [39, 75].  
In water, ozone decays to produce (OH∙) radicals that will target organic compounds 
and break them down to small molecules or carbon dioxide and water. Another 
chemical oxidant, ferrate has the ability to oxidize organic pollutants because of its 
high electron potential of 2.2 V [76]. It reduces to ferric hydroxide, which can be 
applied as a coagulation and flocculation agent [76]. For example, Sailo et al used 
ferrate to degrade BPA over a pH range of 7-12 and concentrations of BPA (0.03–
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0.5 mmol/L) were studied at a constant concentration of 0.1 mmol/L ferrate (VI) [77]. 
The authors found out that, decreasing the pH from 12 to 7, resulted in an increase 
is percentage degradation of BPA from 23 to 87% [77].  
Other oxidants such as permanganate [Mn (VI)] have also been utilized in degrading 
organic pollutants because in addition to being relatively cheap they are also stable 
compared to other oxidants. For example, Zhang et al degraded BPA using KMnO4 
and noted that the degradation was also dependent on pH and temperature [78]. In 
a separate study, Jian Jiang et al. demonstrated that KMnO4 was effective in 
oxidizing triclosan and carbamazepine, pharmaceutical drugs [79].  
Although chemical treatment of wastewater remains one of the most used treatment 
methods by wastewater treatment companies, there is a clear attempt to move to 
more environmentally friendly methods [80]. Chemical treatment at large scale 
results in the use of a large amount of chemicals which results in the generation of 
sludge [65]. The sludge requires further treatment and creates a challenge in 
disposing [81]. This adds to the expense in application of a method that is also not 
environmentally friendly. 
2.5.2 Membrane technology 
To meet the increasing demand for water, membrane technology has been widely 
applied to treat wastewater [82]. This technique is based on selectively moving 
materials across a semi-permeable membrane resulting in separation based on, 
size/steric exclusion, electrostatic repulsion, and hydrophobic adsorption [83]. 
Emerging pollutants have been reported to be removed from wastewater using, 
forward osmosis (FO), microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) 
membranes and reverse osmosis (RO) [84-86].  
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Zielienska et al utilized ceramic based MF and NF membranes to remove BPA in 
simulated wastewater samples [71]. Their ceramic membranes completely removed 
BPA concentration of 0.3 ± 0.14 mg/L from contaminated water. However, they 
reported a lower removal efficiency by the membranes when they used a 
concentration of 0.7 mg/L BPA [71]. They attributed the decrease in efficiency to 
fouling and concluded that the BPA was adsorbed onto particulate matter that had 
accumulated on the surface of the membrane [71]. In a separate study, Jin et al. 
removed four pharmaceutical compounds (carbamazepine, naproxen, ibuprofen, 
and diclofenac) using FO [86]. Their thin film composite (TFC) polyamide based 
membranes performed well, with high water flux, excellent pH stability with a 
rejection of >94% for all the pharmaceutical compounds. 
Membrane separation has been widely is widely regarded as the most efficient of 
the treatment methods obtaining efficiencies of up to 90% by nanofiltration and 
100% by reverse osmosis [70]. However, the drawback for the use of reverse 
osmosis treatment is the high-pressure requirements, which makes the method 
expensive to use especially in developing countries [87]. In addition, the short life 
span of membranes, due to fouling results in continuous costs for replacement of 
membranes. 
2.5.3 Biodegradation technology 
Biodegradation processes use natural microorganisms to degrade organic 
molecules [88, 89]. In this process, carbon is utilized as source of energy to make 
new microbial cells [88, 89]. Currently, the biodegradation technique is the most 
common treatment method for organic pollutants [90]. The biodegradation technique 
is especially favorable when compared to other treatment methods because of its 
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relatively low cost and high efficiency in large-scale applications. Few bacterial 
stains have been found to be effective in degrading emerging organic pollutants 
such as Enterobacter gergoviae strain BYK-7 and Aeromonas hydrophilia [91, 92]. 
For example, in a study Cydzik-Kwiatkowska and co-workers, degraded 12 mg/L 
BPA solution using aerobic granular sludge, achieving a removal efficiency of up to 
97% [92]. They did not detect any BPA metabolites after treatment suggesting 
complete degradation. The authors attribute the removal mechanism to be due to 
biodegradation and co-metabolism. In the co-metabolism process, they suggest that 
hydroxyl radicals (OH∙) were produced after the ammonium oxidizing bacteria made 
ammonia monooxygenase (AMO). BPA molecules were then degraded by the OH ∙ 
radicals produced [93]. In another study, Ji et al showed that BPA has also been 
successfully removed from wastewater using activated sludge containing an 
adapted bacterial consortium [89].  
Many reported biodegradation studies have mainly been carried out under aerobic 
conditions, as these processes are believed to be more efficient than the anaerobic 
degradation [94]. However, some organic pollutants have been reported to be more 
efficiently degraded under anaerobic conditions, For example, halogenated organic 
compounds have been shown to be easily degraded under anaerobic conditions 
[94]. In a separate study, ciprofloxacin was efficiently biodegraded under both nitrate 
and sulfate-reducing conditions with a removal efficiency of up to 80%. In another 
study, Jia et al. conducted a study to degrade sulfamethoxazole using a sulfate 
reducing bacteria sludge systems under anaerobic conditions in a batch reactor [95]. 
The removal of sulfamethoxazole followed the pseudo-zero-order kinetic model with 
a specific removal rate of 13.2 ± 0.1 mg/L/d at initial sulfamethoxazole concentration 
of 100 mg/L. 
 31 
The conversion of organic molecules is based on the presence of microorganisms 
with catalytic activities that can specifically target certain functional groups in the 
molecules [71, 94].  The biodegradation technique can be utilized in batch reactors. 
This allows for optimizing different parameters that influences the efficiency of the 
technique [90, 96]. Different parameters such as pH, temperature, concentration as 
well volume of inoculants can be varied, to optimize the removal efficiency of the 
system.  
While biodegradation has shown outstanding performances in removing emerging 
organic pollutants,  its utilization faces challenges such as the large space that is 
required as well as limited flexibility in design and operation [97]. 
Despite the success of membrane technology and biodegradation technology, there 
have been challenges in implementing them at industrial scale due to the high cost 
in the case of membrane technology and the limited flexibility in design and 
operation for biodegradation. Adsorption technology has the potential to solve those 
challenges.  
2.5.4 Adsorption 
Adsorption is a promising technique for the removal of emerging contaminants due 
to its low initial cost for operation, high efficiency and simple operational design [98, 
99]. The process of adsorption is a surface phenomenon where an adsorbate 
attaches to the surface of the adsorbent necessitated by the reduction in the surface 
tension between the liquid/ gaseous phase of the adsorbate and the solid phase of 
the adsorbent [100, 101]. Adsorption occurs as either, physisorption or 
chemisorption. Physisorption is based on weak attractions between the adsorbate 
and the adsorbent [102]. The forces holding the adsorbent and adsorbate at the 
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interface are usually Van der Waals forces. On the other hand, chemisorption 
involves chemical interaction between the adsorbate and the adsorbent where 
strong bonds are formed [103].  
In years, different adsorbents have been applied to remove emerging pollutants by 
taking advantage of the interactions between the surface functional groups of the 
adsorbents and the emerging pollutants molecules [104]. These adsorbents include 
clays, zeolites, chitosan, carbon based adsorbents, nanomaterials, and various 
composite materials [89, 105-108]. For example, Kumar et al used a composite of 
graphene oxide and β-cyclodextrin to remove BPA (100 mg/L) from aqueous media 
achieving an adsorption capacity of 373.4 mg/g. In another study, a composite of 
goethite and activated carbon was applied to remove BPA in the presence of natural 
organic matter through adsorption [72]. The presence of natural organic matter was 
found to increase the adsorption capacity of the adsorbent due to its interaction with 
a new molecule formed by a reaction of BPA and natural organic molecules [72]. In 
another study, Zhu et al. demonstrated the ability of graphene oxide to adsorb 
metformin in the presence of NaCl [109]. They suggested that the adsorption 
mechanism was due to π-π interactions and hydrogen bonding between graphene 
oxide and metformin. 
Recently, various nanomaterials have been applied as effective adsorbents for the 
adsorption of emerging organic contaminants from the environment. For example, 
graphene and it`s composites have gained popularity in environmental remediation 
especially in adsorbing organic pollutants. Its ability to interact with organic 
molecules via hydrogen bonding and π-π interactions have been suggested to be 
accountable for the adsorption of emerging organic pollutants [110]. In years, other 
carbon materials that have been applied include activated carbon and carbon 
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nanotubes. Activated carbon has been noted for its high efficiency but despite, the 
high efficiency its high operating costs as well as challenges in regeneration present 
challenges in application [111]. On the other hand, the recovery of carbon nanotubes 
after application present serious challenges in its industrial application for water 
remediation [112].  
Low cost adsorbents have also been developed from waste materials such as 
orange peels and used tires [113, 114]. However, despite the relatively low cost, 
simplicity in design and high efficiency of adsorption as a technique, there is a 
challenge of secondary pollution when discarding the spent adsorbent. 
Advanced oxidation processes have the potential to effectively replace the 
conventional methods of treatment for emerging pollutants. 
2.5.5 Advanced oxidation processes 
Amongst the various treatment methods that have been used in the removal of 
emerging pollutants, advanced oxidation processes (AOPs) have shown a good 
potential to be used for environmental remediation. AOPs rely on the continuous 
production of OH radicals, which is a strong oxidizing agent and can break down 
organic pollutants [115]. AOPs technologies include electrochemical oxidation, 
photocatalysis under UV or solar radiation, Fenton`s, the photo-Fenton`s reagents 
in combination with hydrogen peroxide, ferrate reagent, and others [75, 115-117]. 
Recently, AOPs have gained popularity due to their high efficiency [118]. For 
example, Nadejde et al used a heterogeneous Fenton nanocatalyst consisting of Fe 
(II) and Fe (III) ions supported on Fe3O4/chitosan surface to degrade BPA [119]. 
They achieved a removal percentage of up to 99% in 15 mins with a catalyst dosage 
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of 1 g/L and H2O2 concentration of 10 mmol/L [119]. The degradation of BPA was 
based on the chemical oxidation by .OH radicals that were created by H2O2 in the 
presence of ferro ions. Other chemicals can be added to the Fenton`s reagent to 
improve reaction time and stability in different pH environments [118]. The additives 
improve the Fenton`s reagent leading to more efficiency in degrading stable organic 
compounds that are difficult to break down with the traditional Fenton`s reagent. The 
main disadvantage of using the Fenton`s reagent is that it is mostly efficient at low 
pH, therefore it cannot be used in soils that contain calcium [120]. The other 
disadvantage is the production of ferrous sludge that gives problems of disposal 
[120]. Recently, Gandhi et al. degraded pesticides (chlorpyrifos, dimethoate, and 
phorate) using a UV/H2O2 system and achieved a degradation efficiency of up to 
96.9% [121].  
In years, ozonation has been applied in the degradation of organic pollutants [122, 
123]. Ozone gas is directly introduced in wastewater or soil where it will react directly 
with organics or with .OH, resulting in the decomposition of ozone. However, the use 
of the process is limited due to the high cost of operation and the slow reaction time 
[123]. The ozonation process has been found to be more effective in removing 
organic pollutants if it is used in combination with other techniques. Amongst the 
AOPs, photocatalysis has shown great promise in the degradation of emerging 
organic pollutants such as pharmaceuticals. 
2.6 Photocatalysis 
Photocatalysis is highly regarded as an efficient and eco-friendly technique in 
wastewater treatment especially if it is utilized under visible light irradiation [124, 
125]. It has an advantage over other AOPs because it uses low energy UV light and 
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it does not require the addition of other oxidants to initiate or propagate the reaction 
[87]. In addition, the process can be utilized under ambient conditions [87]. 
Photocatalysis offers many advantages in its application for environmental 
remediation, as it is an eco-friendly technology with minimum production of 
secondary pollution such as sludge [87]. It has low energy requirements and 
therefore it is a relatively cheap technique. 
This technique involves the use of semiconductor materials that can be activated 
after adsorbing photons of light that is equal to or greater than the semiconductor`s 
band gap [126]. After excitation, electrons leave the valence band and occupy the 
conduction band, leaving behind positive holes that are highly oxidizing [126]. The 
positive holes can oxidize emerging organic pollutants and mineralize them or they 
can react with the moisture to form hydroxyl radicals that can oxidize organic 
pollutants to carbon dioxide and water [127]. The mechanism of photocatalysis is 
shown in Figure 2.1. 
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Figure 2.1: Mechanism for photocatalysis under UV-light. 
The positive holes can react with water from moisture or with hydroxyl groups to 
form OH radicals (Equation 2.2) [43, 128]. The electrons can be scavenged by 
oxygen molecules forming superoxides as shown in Equation 2.3 [128, 129].  Two 
important processes occur that control the overall efficiency of the photocatalysis 
process.  This includes the recombination of the electron-hole pairs or their 
separation [110]. When recombination occurs, the excited electron returns to the 
valence band without reacting with adsorbed species or loses the energy as light or 
heat [128]. The process of recombination can occur on the surface or in the bulk of 
the semiconductor material. The recombination rate and process is influenced by 
various factors including the mobility of charges, defect density and the presence of 
an interface with secondary material that can interfere with the mobility of charges 
[130]. The ∙OH and ∙O2- radicals are highly oxidizing and can be utilized to degrade 
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organics. In order for the process to be efficient, the recombination rate of the 
electron-hole pair holes must be reduced [126].  
𝑇𝑖𝑂2 + ℎ𝑣 → ℎ𝑉𝐵
+ +  𝑒𝐶𝐵
−                                                        2.1 
 
𝐻2𝑂 +  ℎ𝑉𝐵
+  → ∙ 𝑂𝐻 + 𝐻+                                                      2.2 
 
𝑂2 +  𝑒𝐶𝐵
−  →  𝑂2
∙−                                                                           2.3 
 
∙ 𝑂𝐻 + 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 →  𝐻2𝑂 +  𝐶𝑂2                            2.4 
The most challenging problem in photocatalysis is developing photocatalysts that 
can absorb sunlight and produce radicals that can degrade organic pollutants [127]. 
Solar driven photocatalysts are gaining interest because of the ability of the system 
to generate active oxidizing species “in situ” [43]. The success of the process of 
photocatalysis is based on the ability to control or manipulate three important 
aspects of the process. This involves the excitation of electrons, the dispersion of 
charges to the surface of the photocatalyst and their transfer [130, 131]. Thus, the 
chemical composition and the crystallinity of the semiconductors are important 
factors in the overall performance of the photocatalyst.  
2.6.1 Conventional semiconductor photocatalysts 
Over the years, semiconductor materials have been proven to be of great 
importance in environmental remediation due to their ability to generate charges 
after absorbing the right amount of energy [130]. The charges can be manipulated 
to degrade pollutants in the environment. Therefore, in order for a semiconductor to 
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be used to degrade pollutants effectively, it must fulfil the following requirements: 
[131]  
 appropriate band gap 
 efficient light absorption 
 high charge mobility 
 nontoxic and chemically stable 
Numerous materials have been under investigation as photocatalysts. These 
include TiO2, ZnO, MoO3, ZnS, CdS, WS2, ZrO2, WO3, CdSe, α-Fe2O3, SnO2, and 
SrTiO3. Among the wide spectrum of semiconductors, TiO2 and ZnO are the most 
popular semiconductors that have been utilized as photocatalysts due to their 
electronic band structure [128, 131-133].  ZnO exists in three polymorphs: wurtzite, 
zinc blende, and rock salt. It has a band gap of 3.37 eV [134, 135]. ZnO 
nanoparticles have been used as an alternative to TiO2 to degrade emerging organic 
pollutants. In a study, Bechambi et al degraded BPA, using C-doped ZnO [136]. The 
authors reported a BPA degradation efficiency of 100% and 70% BPA mineralization 
within 24 h under UV irradiation [136]. Recently, Roge et al demonstrated the ability 
of ZnO nanowires to degrade seven organic pollutants under UV light [137]. 
However, despite its success as a photocatalyst, ZnO suffers from photo corrosion 
that limits its application [138].  
Over the years, tungsten oxide (WO3) has been utilized as a photocatalyst to 
degrade organic pollutants. WO3 consists of four crystal structures: monoclinic, 
tetragonal, orthorhombic and the cubic [139]. The monoclinic crystal structure is the 
most popular structure for photodegradation applications [139]. It is an n-type 
semiconductor with a band gap of 2.8 eV, which can be activated by visible light 
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[140]. For example, Hunge et al utilized WO3 thin films to degrade oxalic acid under 
visible light. The authors reported degradation efficiency of up to 83%. 
Another photocatalyst Iron oxide (α-Fe2O3) has been widely utilized due to its low 
band gap of 2.1 eV and its stability in most solutions at pH>3 [131]. Although Fe2O3 
has good visible light absorption properties, its use has been hampered by the high 
recombination rate of electron-hole pairs [131]. Several researchers reported the 
use of this photocatalyst to degrade dyes and other organic pollutants [141, 142].  
In years, various kinds of metal oxides such as CuO, CuO2, CeO2, V2O5, and ZrO2 
have been tested as photocatalysts. There have been challenges that have been 
reported in their utilization, as most of them are only active under UV radiation. For 
example, ZrO2 is only active under UV radiation due to the wide band gap of 3.4 eV 
[143].  
Due to the problems faced in the use of bulky semiconductor materials as 
photocatalysts, there is a growing trend of using nanomaterials in environmental 
remediation. For example, in recent years, various nanomaterials have been utilized 
either to improve existing wastewater treatment methods or to introduce novel 
treatment methods [133]. Nanomaterials application has gained popularity due to 
the uniqueness of the materials such as their size and tunable properties [134].  
2.6.1.1 Nanostructured photocatalysts 
Recently, nanostructured materials are becoming of major significance in energy 
and environmental applications due to their performance [144]. These novel 
materials have become popular due to their unique optical, electrical, and magnetic 
properties compared to their bulky counterparts [80, 145]. The unique properties are 
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due to their distinctive size, shape, morphology, and surface properties [80]. When 
designing photocatalysts for environmental remediation, the materials have to be 
robust, cheap, stable as well as environmentally friendly [80, 145]. Amongst the 
photocatalyst, TiO2 and its nanocomposites remain popular in water treatment due 
to their stability in different pH environments, relative low cost, and availability [146]. 
In addition, the structural flexibility, light absorption, and charge transfer properties 
have seen TiO2 based nanocomposites being applied in making many parts of 
components such as in fuel cells, capacitors and batteries [107, 147].  
The suitability of a semiconductor material for photocatalytic degradation 
applications is dependent upon the mobility and lifespan of the created charge 
carriers [148]. In recent years, TiO2 and its nanocomposites have been continuously 
designed to optimize their efficiency by reducing the recombination rate and to 
facilitate the recovery of the catalyst after use [125, 149]. 
2.6.1.2 TiO2 photocatalysts for the degradation of emerging pollutants 
The presence of emerging contaminants may have an adverse impact on the 
environment [150]. Amongst the treatment technologies used to remove these 
emerging pollutants, photocatalysis has consistently been reported to have the 
potential to alleviate the challenges presented by the presence of emerging 
pollutants in the environment. TiO2 is one of the most widely investigated 
semiconductor materials due to its attractive electronic, surface, and catalytic 
properties that can be utilized in degrading emerging pollutants [130, 151]. Pure TiO2 
exists as a white powder that has a high surface area and is stable in the 
environment. TiO2 has three known crystalline polymorphs: anatase, rutile and 
brookite [152, 153]. The rutile structure of TiO2 is the most stable of the three 
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structures [124]. However, the anatase and brookite phases can be transformed to 
the thermodynamically stable rutile structure through heat treatment at temperatures 
exceeding ∼ 600°C. The anatase structure is widely reported to have a higher 
photocatalytic activity compared to the rutile while the brookite form is more active 
than anatase [154]. Despite, the higher activity of the rutile form of TiO2, it is difficult 
to synthesize a pure phase of it. TiO2 is an n-type semiconductor due to its oxygen 
deficiency with its crystalline structures having different band gaps: 3.2 eV for 
anatase, 3.0 eV for rutile, and ∼3.2 eV for brookite [155].  
Many techniques have been reported to synthesize TiO2 including hydrothermal, 
microwave, sol–gel, and solvothermal methods, have been extensively studied [148, 
156]. One-dimensional TiO2 nanostructures in different shapes (wires, rings, rods, 
and tubes) have attracted attention due to their large surface area to volume ratio 
and high photoconductivity [151]. They have been widely reported for the 
degradation of emerging pollutants. For example, Bakar et al. reported a visible-
light-driven photodegradation of methyl orange with S-doped TiO2 nanorods. They 
reported an improved degradation performance, which they attributed to the large 
porous channels of nanorods [157]. 
In another study, Manassero et al. degraded clofibric acid, a pharmaceutical drug 
with TiO2-coated glass rings in a fixed bed reactor [158]. In their study, they 
demonstrated that the catalytic films supported on the glass rings were stable and 
could be reused up to three times. In a separate study, Elatimani et al. degraded 
pyrimethanil, a pesticide using a nanocomposite of TiO2 under UV radiation. They 
reported total elimination of the pesticides within 5 h of irradiation [159].  
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Recently, Gomez-Canella et al. reported a study on degradation of 5-Fluorouracil, a 
pharmaceutical drug used as an antimetabolite using TiO2 purchased from Aldrich 
and Degussa P25 [160].  Table 2.1 shows some recently developed forms of TiO2 
for the degradation of emerging pollutants. The results show that TiO2 can be 
modified with different dopants and support material to improve its photocatalytic 
performance. 
Table 2.1: Recently developed TiO2-based photocatalysts and their 
performance toward emerging pollutants. 
Material Pollutant(s) 
degraded 
Light  
source  
Exposure 
(mins) 
Dose Conc. % 
Deg. 
Ref 
C-TiO2 Phenol UV light 
Visible 
light 
180 
420 
2.5 
g/L 
100 
mg/L 
75 
70 
[161]  
TiO2/Zeolite Sulfadiazine UV light 120 1 g/L 10 
mg/L 
90  [162]  
CdTe/TiO2 Tetracycline 
hydrochloride 
Visible 
light 
30  0.6 
g/L 
20 
mg/L 
78 [163]  
N-TiO2 4-Chlorophenol Visible 
light 
425 0.5 
g/L 
500 
mg/L 
- [164]  
TiO2−x/ rGO Bisphenol A Visible 
light 
60 1 g/L 2.5 
mg/L 
91 [165]  
TiO2/Ti3C2Tx 
(MXene) 
Carbamazepine Sunlight 
UV light 
480 
200 
1 g/L 5 
mg/L  
55.8 
98.7 
[166]  
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Fe-TiO2 Pharmaceutical 
wastewater 
UV light 300 1 g/L - 75 [167]  
Sn-Mo-TiO2 
NTs/Ti electrode 
Phenol Eeletrocatalytic 240 - 50 
mg/ L 
- [168]  
Zr/Ag-TiO2 Sulphamethoxazole
  
 
Visible 
light 
420 0.5 
g/L 
20 
mg/L 
90 [169] 
SnO2/TiO2 and 
ZnO/TiO2 
Tetracycline UV light 
Solar 
light 
35 
180 
0.5 
g/L 
35 mg
/L 
73 [170]  
Sand/TiO2 Phenol  UV light 
 
240 - 25 
mg/L 
50 [171]  
Fe/WO3/TiO2 Nitric oxide 
Acetaldehyde 
UV and 
Visible 
light 
120 
240 
- 50 
mg/L 
200 
mg/L 
88 
50 
[172]  
Al/TiO2 Propyl paraben UV light 
Solar 
light 
90 500 
mg/L 
420 
μg/L 
81 [173]  
Fe3O4@SiO2@
TiO2/rGO 
 
Dinitrophenols UV light 30 0.2 g/L 
 
40 mg/L 88.8 [174] 
In,S-TiO2@rGO Atrazine Visible 
light 
20 1 g/L 20 mg/L 95.5 [175]  
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GO-TiO2 Perfluorooctanoic acid UV light 150 - 2.42 
µmol/L 
83 [176]  
rGO/TiO2/ZnO Bisphenol-A,  UV light 180  0.5 
g/L 
200 
mg/L 
99.7 [177]  
TiO2-metallic 
form support 
Pyrimethanil UV light 500  50 
mg/L 
100 
mg/L 
100 [159]  
Degussa P25 5-Fluorouracil UV light 240  - 10 
mg/L 
- [160]  
TiO2-coated 
glass rings 
Clofibric acid,  
 4-Chlorophenol 
UV light 660  150 
g/L 
20 
mg/L 
- [158]  
TiO2@WO3/Au Rhodamine B 
Trimesic acid 
Visible 
light 
80 30 
mg/L 
50 
mg/L 
94 
95 
[178]  
TiO2/WO3 Acetaldehyde UV light 40  0.05 g/ 
0.25 cm2 
200 
ppmv 
- [179]  
TiO2 Bisphenol A UV light 420 1 
mg/L 
0.1 
mg/L 
90 [180]  
Au/TiO2 Bisphenol A UV light 
 
1440  1 g/L 10 
mg/L 
87.6 [181]  
2.6.1.3 Limitation of TiO2 
Over the years, TiO2 has shown great potential as a photocatalyst. However, there 
have been challenges in utilizing TiO2 at an industrial scale due to challenges in its 
optical properties as well as the high recombination rate of the electrons and holes 
[126]. TiO2 photocatalysts are only active in the ultraviolet range of the solar 
spectrum, which is only 4-5% of the solar spectrum [182]. This limits its application 
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under visible radiation [156]. In addition, there is a challenge to recover TiO2 
nanoparticles from treated liquid after use as well as agglomeration of the 
photocatalyst [183]. To overcome these limitations, researchers have suggested 
many solutions to the potential realization of the application of TiO2 photocatalyst. 
This include doping the TiO2 with metals such as Ag and Au [184] Most recently 
TiO2 has been doped using metal ions such as Au and Pt [184]. In a study, Cojocaru 
et al doped TiO2 with Au nanoparticles and studied the photocatalytic activity of the 
photocatalyst according to the loading of Au. The authors reported that the loading 
of Au significantly improved the performance of the catalyst in the UV radiation 
photodegradation of BPA [181]. They concluded that the Au nanoparticle provided 
centers for trapping electrons resulting in reduced electron–hole recombination 
[181]. In addition, a loading of 0.3-0.7% Au nanoparticles on the TiO2 also resulted 
in an improvement in the visible range photocatalysis of BPA resulting 80-83% 
degradation efficiency [181]. However, they also reported a marked decrease in 
photodegradation efficiency when they increased the loading of the Au 
nanoparticles to 1%. 
Incorporation of main group elements in TiO2 based photocatalysts will result in the 
modification of the surface of the electronic properties of the TiO2 [185]. This results 
in introduction of a band state near either the valence band or the conduction band 
inducing visible light absorption at those sub-band gap energies [185]. In addition, 
metals have an ability to scavenge electrons from surfaces of semiconductor 
materials and therefore lead to charge separation and hence improved efficiency. 
In recent studies, researchers have been exploring the pairing of TiO2 with other 
metal oxides especially with lower band gaps than the 3.2 eV of TiO2 forming 
heterojunctions. Various metal oxides such as WO3, ZnS, ZnO, CeO2, Fe2O3 etc. 
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have been paired with TiO2 to form heterojunction material [186]. Research studies 
have shown that physically linking two semiconductors produces a heterojunction 
material with higher efficiency than the individual semi-conductors forming it. For 
example, Makama et al coupled TiO2 with CdS on an eggshell matrix in a study, to 
photodegrade methylene blue solution under visible light irradiation. In another 
study, a heterojunction of Ag/ZnO was synthesized and applied for the degradation 
of methyl orange [187]. The authors reported a higher degradation efficiency in the 
heterojunction compared to the individual semiconductors. Improvements in the 
efficiency of photocatalysts can also be done by doping heterojunction materials 
with metals and nonmetals. The mechanism is highlighted in Figure 2.2. 
 
Figure 2.2: Proposed mechanism for photocatalysis using CdS-TiO2 
nanocomposite. 
Electrons generated after Cd, with a lower band gap energy (2.4 eV.) will migrate to 
the conduction of TiO2 allowing for charge separation and hence higher efficiency.  
The photo activity of the nanocomposite is enhanced the inter-charge transfer 
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between the lower band gap semiconductor and TiO2 resulting in a reduction in the 
recombination rate [128].  
In order to ensure photocatalytic efficiency, there is need to separate the charges. 
This can be achieved by scavenging of photogenerated electrons or holes in order 
to limit the recombination rate. Some researchers have utilized dissolved molecular 
oxygen to scavenge electrons in most photocatalysis reactions. The addition of 
external oxidant/electron acceptors into photocatalytic degradation reactions has 
been reported to improve the efficiency of the systems [188]. The additives help to 
minimize recombination rate, increase the hydroxyl radical concentration and 
therefore improve the oxidation of organic molecules and their intermediates. In 
addition, they initiate the generation of more radicals. The most common electron 
acceptors that have been utilized by researchers include hydrogen peroxide (H2O2) 
and potassium persulfate (K2S2O8) [116].  
2.6.2 Modification of TiO2 photocatalysts 
In order to improve the electronic and optical properties of TiO2 photocatalyst, 
innovative efforts have been made in extending the use of TiO2 based system under 
visible light radiation [189]. This includes incorporation of dopants into TiO2, 
development of heterojunction photocatalysts, dye sensitization and incorporating 
support materials. The dopants work by increasing the surface area, crystallinity as 
well as stability. In addition, some of the dopants reduce the recombination rate of 
charges. For example, Kuvarega et al. reported an improvement in the TiO2 
nanocomposite after co-doping with nitrogen and palladium [190]. They reported 
that the palladium metal scavenged electrons delaying recombination rate.  
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2.6.2.1 Metal doping 
Metal doping has been widely reported to improve the photocatalytic activity of TiO2 
based photocatalysts by hindering the rapid recombination of charges i.e. electron-
hole pairs [191] This is done by the creation of defect states in the band gap of TiO2 
that will absorb visible light [190]. Transition metal ions, noble metals, and non-metal 
ions are the most used categories of dopants for TiO2 photocatalysts [184]. Figure 
2.3 shows the proposed mechanism for the degradation of emerging organic 
pollutant by a metal-doped TiO2 nanocomposite.  
 
Figure 2.3: Proposed metal doped-TiO2 nanocomposite degradation 
mechanism for emerging organic pollutant. 
Metal ions such Ni2+, Co2+, Zn2+, and Cu2+ have been used as dopants for TiO2 [192]. 
The resultant nanocomposite photocatalyst showed improved photocatalytic 
performances. For example, Blanco-Vega et al doped TiO2 with Ni and applied the 
nanocomposite photocatalyst to degrade BPA using Ni-TiO2 catalysts with different 
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Ni contents (0.5 and 1.0 wt%) [126]. The authors reported an inhibition in 
recombination of the electron/hole pairs that was caused by the incorporation of 
nickel. In a separate study, He et al. developed a Au@TiO2 core/shell photocatalyst 
for the degradation of salicylic acid under visible light [193]. They suggested that the 
improvement in the efficiency of the Au@TiO2 core/shell photocatalyst compared to 
the TiO2 was due to electrons being scavenged by Au and therefore delayed the 
recombination of charges. 
Other metal dopants that have been shown to be effective in improving the 
photocatalytic activity of TiO2 include Au, Ag, and Pt. Over the years, many 
researchers have come up with many innovative methods of depositing metal 
nanoparticles on TiO2 photocatalyst including impregnation, photodeposition, and 
deposition–precipitation [184, 194]. It is important to consider optimum loading of 
nanometals on the TiO2 photocatalyst as overloading it may create recombination 
centers for electron-holes thereby negatively affecting the efficiency of the 
photocatalytic system [184].  
2.6.2.2 Doping with non-metals 
Researchers also suggested the doping of the TiO2 photocatalyst with nonmetals 
such as nitrogen and sulfur [189]. The non-metal ions replaces some oxygen 
vacancies in the TiO2 lattice to form TiO2-xAx (where A is a non-metal ion, N, S, P, 
and F) [151]. Many researchers proposed that these nonmetals would result in the 
reduction of the band gap of the TiO2 and therefore allow for its use under solar 
radiation. The reduction in the band gap has been attributed to contribution from p 
orbitals of elements such as 2p in N, 2p in C and 3p in S to the 2p O and 3d Ti states 
in the valence band of TiO2 [191]. Research investigations show that localized states 
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are formed in the band gap of the material after incorporation of nonmetals leading 
to absorption of photons of light in the visible range.  
Recently, nitrogen doping of TiO2 has gained popularity [188, 189]. This is mainly 
because of the ease at which nitrogen can be incorporated in the TiO2 structure. It 
is relatively easy to introduce due to its comparable atomic size with oxygen, small 
ionization energy, and high stability. Many researchers have reported on nitrogen 
doped TiO2 with many data reported on the structural, electronic and optical 
properties of N-doped TiO2 [189]. For example, Lian et al synthesized a N-
TiO2/fungal hyphae composite for adsorption and photocatalytic degradation of 
tannin [195]. The authors reported that photocatalytic performance of TiO2 under 
visible light was poor, but it greatly improved after doping TiO2 with nitrogen [195].  
Other nonmetal dopants that have been applied with success include carbon, 
sulphur, phosphorus, and fluorine [189]. They effectively narrowed the band gap of 
TiO2 from 3.2 eV and therefore extending its application into the visible range of the 
solar spectrum. Anionic species are believed to form potentially new impurity levels 
near the valence and the conduction band of TiO2 thereby lowering the band gap 
and moving the band edge into the visible region of the solar spectrum [190]. 
Although the incorporation of sulphur into the TiO2 lattice has been carried out 
successfully, it has presented more challenges than has been the case with nitrogen 
doping due to its larger ionic radius [157].  
2.6.2.3 Pairing of TiO2 with other photocatalysts 
Recently, much effort has been made in designing and synthesizing solar-light-
driven photocatalysts. TiO2 can be paired with other nanometal oxides such as ZnO, 
ZnS, MoO3, Cu2O, and CdS etc. to form heterojunctions that can be used under 
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visible light irradiation [189]. The synergistic effect of the two semiconductors may 
result in the inhibition of recombination of electron-hole pairs [196]. For example, 
ZnO and TiO2 heterojunction has been shown to have low recombination rate [177]. 
Many researchers who have reported an improvement in the photodegradation 
efficiency of TiO2 based photocatalyst. TiO2-ZnO nanocomposites have also been 
explored as catalysts. The band gap of these nanocomposites were reduced due to 
the influence of ZnO resulting in the nanocomposite being active in the visible light 
[197]. 
Another technique that has been applied in improving TiO2 photocatalyst is co-
doping with double metal or double non-metal dopants or double metal/non-metal 
dopants [191]. This technique leads to shifting of the wavelength absorption of TiO2 
from the ultraviolet to the visible light region. For example, in a study, Wang et al 
synthesized hollow CaTiO3 cubes modified by La/Cr co-doping via a facile template-
free hydrothermal method for photocatalytic hydrogen production [198]. The results 
from the study show that co-doping resulted in the shifting of the absorption of light 
into the visible region of the solar spectrum. Although TiO2 activity can be improved 
by doping, at an optimal doping level. Doping beyond this level results in a decrease 
in the TiO2 activity [191]. 
2.6.2.4 Dye sensitization 
In a bid to develop solar-driven use of TiO2 based photocatalysts, dye sensitization, 
has been explored as a viable method to modify the photocatalysts [107]. The 
mechanism of dye sensitized photodegradation of organic pollutants is the same in 
principal to coupling two semiconductors except that this process occurs when the 
highest occupied molecular orbital (HOMO) of a dye absorbs light and excite 
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electrons to the lowest unoccupied molecular orbital (LUMO) [107, 197]. The excited 
dye molecule thereafter transfers electrons from its conduction band into the 
conduction band of TiO2 [199]. The dye molecule will be converted into its cationic 
radical [128]. The migrated electrons move to the surface of TiO2 where they are 
scavenged by molecular oxygen to form the superoxide radical .O2 − [128]. These 
superoxide radicals can oxidize organic pollutants into less harmful by-products or 
they can completely mineralize them to carbon dioxide and water. 
2.6.2.5 Addition of chemical oxidants 
In an attempt to eliminate or reduce the recombination of electron-hole pairs, 
researchers add chemical oxidants to the reactor. The added chemicals work by: 
 Increasing the production of .OH radicals [127].  
 Trapping electrons and thereby reducing the recombination rate. 
 Optimizing the rate of oxidation of the intermediate products [74].  
In order to achieve the target of decontaminating water, the chemical additive must 
not form toxic intermediates when added to the reactor. In the view of this fact, 
researchers have used chemicals such as hydrogen peroxide and persulphate [74]. 
The addition of H2O2 can modify the surface of TiO2 by scavenging the positive holes 
thereby avoiding recombination (Equation 2.5). The H2O2 also reacts with OH 
radicals (Equation 6). 
𝐻2𝑂2 + 2ℎ𝑣𝑏
+  →   𝑂2 + 2 𝐻
+                                             2.5 
 
𝐻2𝑂2 + 𝐻𝑂
.   →   𝐻2𝑂 +   𝐻𝑂
.                                         2.6 
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Antonopoullou et al. reported that persulfate ions and hydrogen peroxide act as 
electron scavengers and enhanced the removal efficiency of N, N-Diethyl-meta-
toluamide (DEET) under simulated solar irradiation [200].  
2.6.2.6 Incorporation of conducting photocatalyst supports 
To enhance the performance of TiO2 and its nanocomposites towards photocatalytic 
efficiency, researchers have experimented with the incorporation of carbonaceous 
materials. In recent years, graphene oxide has been widely utilized in that regard; 
where researchers take advantage of charge transfer ability to provide charge 
separation effectively in the nanocomposites [147, 201]. Jo et al. synthesized a 
magnetic TiO2-GO nanocomposite for the photocatalysis of methylene blue dye 
[201]. The authors reported an improved charge separation due to the incorporation 
of graphene oxide. In addition, carbonaceous materials offer high surface area and 
mechanical strength to the nanocomposite [202]. Graphene oxide and other 
carbonaceous materials provide support for the TiO2 nanocomposite and prevents 
the inherent agglomeration of the nanoparticles [190].  
2.6.2.7 Control of morphology 
Tailoring the morphology and surface engineering of TiO2 has been explored in 
order to reduce the high recombination rate of charges [151]. Recently, the design 
and morphological control of TiO2 crystal facets has been suggested as a way to 
improve the photocatalytic efficiency of TiO2 photocatalyst. It is well known that the 
physical and chemical properties of materials, such as shape, texture, particle size, 
porosity, crystallinity, functional groups directly affect the photocatalytic 
performance of materials [131]. The control of such parameters in semiconductor 
materials, particularly shape and surface structural properties can be closely related 
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to the reactivity and the selectivity of the material [155, 188]. The most commonly 
used morphology of TiO2 is the monodispersed spherical nanoparticles due to their 
high surface-to-volume ratio that provide abundant surface active sites [148]. 
However, due to the small size of the spherical particles, they suffer from a high 
recombination rate reducing its efficiency as a catalyst [126]. On the other hand, 
TiO2 nanotubes have been reported to have a large surface area and are more 
tuned for degradation applications [151].  
2.6.2.8 Synthesis techniques for TiO2 nanostructures 
The synthesis of TiO2 has been reported in literature covering various synthesis 
methods, such as the hydrothermal method, anodization method, sol-gel method, 
and the template-assisted method [148]. Synthesis techniques such as the 
microwave synthesis technique have been employed in order to control the diameter 
and dispersion of the nanoparticles. Microwave synthesis allows for control of 
particles sizes and their dispersion in addition, to a shorter synthesis time. It is 
known to be a greener synthesis technique [203]. The hydrothermal synthesis 
technique has been utilized to fabricate different TiO2 nanostructures including, 
nanorods, nanotubes, nanowires, and nanobelts.  
The advantage of using the hydrothermal synthesis technique is the ability to tailor 
the morphology and porosity of the photocatalysts [153]. For example, Byranvand 
et al. reported that TiO2 nanotubes with a diameter of 8 –10 nm were obtained 
following a hydrothermal synthesis method at a temperature of 110°C after 
approximately 20 h [204]. Furthermore, data obtained from the research 
investigation show that the hydrothermal method improves the surface area of 
materials when compared to other synthesis methods [205]. In addition, the 
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morphology of materials can be controlled by regulating the temperature and the 
synthesis time. Research investigations have shown that if the polar face of the 
photocatalyst are exposed this leads to greater photocatalytic activity. For example, 
OH- ions could favorably adsorb onto the surface of the semiconductor because of 
its positive charge [155]. This could lead to a greater production of ∙OH radicals and 
hence degradation of organics. Longer nanotubes may also increase photocatalytic 
activity due to increased surface area in contact with the pollutant. In addition, 
tailoring the morphology results in lower recombination rate of positive holes and 
electron pairs. 
2.6.3 Factors affecting the performance of TiO2 and its nanocomposites 
Photocatalytic degradation of emerging organic pollutants by TiO2 and its 
nanocomposites is affected by other factors such as pH, dosage, and pollutant initial 
concentration [43].  
2.6.3.1 Effect of pH on emerging pollutant photodegradation 
Solution pH plays an important role in determining the efficiency of 
photodegradation process [42]. This is because it affects the adsorption-desorption 
of the organic molecules on the surface of the photocatalyst [42]. The pH of the 
aqueous solution also affects that charges on the surface of the TiO2 photocatalyst 
in addition to those of the substrate. In addition, pH influences the generation of 
hydroxyl radicals as well as active oxygen species that occur on the surface of the 
photocatalyst [206, 207]. At higher pH, the degradation efficiency tends to decrease. 
The decrease can be due to the formation of carbonate ions that form at pH > 8 and 
are known to be good scavengers of hydroxyl radicals [208]. This may contribute to 
the reduction in the efficiency of the photodegradation process. It is generally logical 
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and economical to work in the pH range of 4 -10 which is the pH of wastewater 
produced in most industries. 
2.6.3.2 Effect of dosage 
TiO2 based photocatalysts are often used as a suspension and an increase in 
photocatalyst dosage usually results in an increase in the photodegradation 
efficiency. The increase in dosage increases the number of .OH radicals, which can 
take place in the degradation of emerging organic pollutants [43, 127]. However, a 
high dosage of the photocatalyst may result in a decrease in efficiency due to 
agglomeration resulting in a reduction in surface area of the photocatalyst. A high 
dosage of the photocatalyst results in turbidity thereby impeding the penetration of 
light to the surface of the photocatalyst and therefore reducing the production of .OH 
radicals [127]. A number of studies in the literature show different optimum dosages 
but they are agree on the need to find the optimum dosage for the reaction 
depending on the reactor and the photocatalyst used. The design of the reactor is 
an important part of the process because it also influences the dosage due to the 
path length that will be needed to illuminate the photocatalyst. 
2.6.3.3 Effect of initial emerging pollutant concentration 
The initial concentration of pollutant in solution has been shown to influence the 
degradation efficiency [127]. Many researchers report that the rate of 
photodegradation of organic pollutants using TiO2 based photocatalyst fit the 
Langmuir-Hinshelwood (L-H) kinetic model. The L-H model (Equation 7) relates the 
degradation rate (r) and the reactant concentration at time t, (C) which is expressed 
as follows: [208]  
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𝑟 =  
𝑑𝐶 
𝑑𝑡
=   
𝑘𝑟  𝐾𝑎𝑑
1 + 𝐾𝑎𝑑𝐶
                                                                             2.7 
where Kr is the rate constant. When the adsorption is relatively weak or the 
concentration is low, Equation 8 can be simplified to the pseudo-first order kinetics 
with an apparent first order rate constant Kapp. The rate constant expression is given 
as follows: [208]  
ln (
𝐶𝑜
𝐶
) =  𝐾𝑟𝐾𝑎𝑑𝑡 =  𝐾𝑎𝑝𝑝                                                                              2.8 
where Co is the initial concentration.  
In TiO2 based photocatalytic degradation reactions, the amount of substrate 
covering the photocatalyst is expected to reduce with time and therefore the rate of 
degradation is expected to reduce to ~ zero and hence decrease in photocatalytic 
rate with increasing illumination time [127]. Many authors have highlighted that the 
effect of the initial concentration of substrates on the photocatalyst becomes steady 
due to saturation of the substrate on the surface of the photocatalyst with increase 
in concentration. Most studies have shown that the time for complete degradation 
of pollutants increase with increase in the concentration of the pollutant. This can 
be ascribed to the increase in the pollutant molecules that were adsorbed on the 
surface of the photocatalyst [197]. This may result in a reduction in the photons that 
are able to reach the surface of the photocatalyst surface and therefore less hydroxyl 
radicals will be generated resulting in reduced photodegradation efficiency [209].  
2.6.4 TiO2 photocatalysts recovery 
The recovery of the photocatalyst after treatment is an important process that 
influences the overall costs of a treatment process. There is growing concern about 
the recovery of TiO2 based nanocomposite photocatalysts. In most batch 
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photocatalytic reactors, the photocatalyst is mostly removed through filtration or 
centrifugation processes [125]. However, the separation techniques applied for 
laboratory batch processes are not suitable for large-scale industrial applications 
[210]. This is a difficult process due to the small size of the photocatalyst. In a system 
that uses a powdered photocatalyst, the efficiency may be reduced due to 
agglomeration of the photocatalyst that leads to a reduction in the surface area.  
Consequently, the design and development of magnetic photocatalysts is gaining 
momentum in order to solve the issue of photocatalyst recovery [210]. For example, 
Alvarez et al prepared magnetic TiO2/Fe3O4 and TiO2/SiO2/Fe3O4 nanoparticles by 
an ultrasonic-assisted sol–gel method for the photodegradation of pharmaceutical 
pollutants and BPA [210]. The performance of the photocatalyst was comparable to 
the commercial Degussa P25 TiO2 photocatalyst. In addition, the catalyst was 
recoverable by a magnet. In a separate study, Liu et al synthesized a multifunctional 
hybrid photocatalyst/magnetic material, Sr–TiO2/Ni0.6Zn0.4Fe2O4 for the degradation 
of emerging organic pollutants under both UV and visible radiation [149]. The 
authors reported a degradation efficiency of up to 90-100%. The photocatalyst was 
also recoverable by the use of a magnet. 
Recently, polymer supports for TiO2 and other catalysts have been utilized in order 
to assist with the recovery of TiO2 based photocatalyst, many researchers 
incorporate the photocatalyst in polymers such as polyaniline and polyethyleneimine 
[211]. The use of polymers to incorporate the photocatalyst is especially attractive 
because it improves the efficiency of photocatalysts using synergistic effect of both 
the semiconductor and the polymer [212]. Conducting polymers such as PANI 
improve the charge separation of the photocatalyst and therefore improve the 
performance of the photocatalytic system [213]. For example, Sandhya incorporated 
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TiO2 nanoparticles in a conducting polymer PANI for the degradation of dyes under 
visible radiation [213]. The authors reported an improvement in the performance of 
the photocatalyst after incorporating it in PANI. 
Over the years, researchers have immobilized TiO2 on inert supports such as 
ceramic, quarts, and glass [213]. This has provided them with advantages and 
disadvantages in application. The main advantages was the ability to recover the 
photocatalyst that enables re-usage and an overall reduction in the overall cost of 
the operation. However, there is loss of photocatalytic activity due to difficulty in 
mass transfer of the substrate to the surface of the photocatalyst. Fixation of the 
photocatalyst reduces the accessibility of the surface of the photocatalyst and 
therefore results in the reduction of the rate of degradation. 
2.6.5 CONCLUSION 
The presence of emerging organic pollutants in the environment has been confirmed 
through many research investigations, thanks to advances in analytical techniques. 
These emerging organic pollutants have the potential to disrupt the normal function 
of the hormones in humans. Photodegradation has the potential to remove emerging 
organic pollutants from the environment. In order to achieve an efficient 
photodegradation system, there is need to design a photocatalyst that has a high 
photonic efficiency.  
The incorporation of nanotechnology in photocatalysis offers a great potential for 
design of robust and effective technologies for water and environmental 
remediation. The use of adsorptive support materials has a great potential to 
improve the overall performance of nanostructured photocatalysts as they will 
anchor the catalysts and adsorb pollutants and facilitating the degradation process. 
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The use of these photocatalysts under solar irradiation makes this process to be 
cheap and affordable to developing countries, many of which cannot afford 
expensive treatment methods. In summary, there is need to develop robust, cheap 
photocatalysts that can be applied in water remediation and to explore their 
performance in large-scale applications. 
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CHAPTER 3:  
REVIEW OF SYNTHESES, CHARACTERIZATION AND ANALYTICAL 
TECHNIQUES 
3.0.1 INTRODUCTION 
This chapter summarizes the experimental and the characterization techniques that 
were employed for this work. The operative principle for the instruments is also 
explained in detail.  
3.0.1.1 Hydrothermal and solvothermal syntheses 
Hydrothermal synthesis is based on chemical interactions of chemicals above the 
boiling point of water to form new compounds [1]. On the other hand, solvothermal 
synthesis occurs in non-aqueous solutions at high temperatures [1]. These 
syntheses techniques are usually carried out in sealed vessels such as autoclaves 
[2]. These chemical reactions are carried out in aqueous solution or organic solvents 
at high temperatures of up to 1000°C generating pressures of between 1-100 MPa 
[1]. In addition to these techniques being carried out in one step, the mild reaction 
conditions highlight the advantages that they have over other syntheses techniques 
[3].  
Hydrothermal synthesis uses water which is a cheap and environmentally safe 
solvent. This synthesis technique takes advantage of the ability of water to change 
its physical properties at high temperature and pressure [4]. For example, viscosity, 
density, and surface tension of water are lower than at room temperature [4]. On the 
other hand, the variety of organic solvents that are used in solvothermal synthesis 
give more room for the synthesis of different materials with different properties [1]. 
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A variety of organic solvents have been utilized in solvothermal synthesis including, 
propanol, methyl alcohol, ethyl alcohol, butanol and ethylene glycol [1]. 
Various methods can be incorporated into hydrothermal and solvothermal 
techniques such as templating, addition of structure directing agents, initiating 
growth via crystal seeds [3]. In the past decades, different nanomaterials such as 
BaTiO3, TiO2, BiVO4, and LiNbO3 have been prepared under hydrothermal 
conditions [5-8]. These materials were synthesized by dissolving their metal salt 
precursors in water or organic solvents and mixing with a suitable concentration of 
catalyst solutions such as NaOH, citric acid, oxalic acid and KOH [5-8]. The resultant 
mixture is then heated under autoclave conditions. 
3.0.2 Microwave assisted syntheses 
The microwave utilizes electromagnetic radiation to generate heat that is 
subsequently utilized to prepare materials [9]. This is based on dipolar rotation and 
an ionic conduction mechanism [10]. In dipolar rotation, heat is generated when heat 
energy is lost due to friction and dielectric loss after molecules with the same 
electrical dipole aligned with oscillating electromagnetic field [11]. While in the ionic 
conduction mechanism, microwave radiation causes dissolved or dissociated 
charged particles or ions to oscillate back and forth [11]. 
Recently, microwave-assisted methods have been extensively applied in the 
synthesis of nanomaterials [10, 12]. In this method, a suitable metal salt precursor 
is dissolved or dispersed in a liquid solvent and the solution or mixture is heated in 
the microwave under stirring. Organic solvents act as solvents and stabilizers in the 
process and have been reported to influence particle growth and eliminate 
agglomeration [13]. Recently this method has been receiving favorable attention due 
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to its high efficiency, uniformity of particle distribution on supports and its 
environmental friendliness. For example, Hasanpoor demonstrated the efficiency of 
microwave assisted synthesis of needle shaped ZnO nanomaterials [14]. In another 
study, Chikan et.al highlighted the influence of microwave radiation in control of the 
nucleation and particle growth during the synthesis of nanomaterial in comparison 
to the traditional injection method [15].In all these microwave synthesis methods, 
temperature was shown to greatly influence reactivity [10].  
Microwave synthesis has been reported to greatly reduce the time required to 
synthesize nanomaterials. In addition, there has been a great improvement in the 
performance of materials synthesized via this method owing to the admirable control 
of particle size as well as the uniform dispersion of the particles on supports [12]. A 
schematic summary of the experimental work carried out in this project is shown in 
Figure 3.1. 
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Figure 3. 1: The schematic summary of the experimental work carried out. 
In this project, the above mentioned techniques were employed to synthesize the 
photocatalysts used in this study. 
3.1 Characterization techniques 
Characterization of the photocatalysts is necessary in order obtain valuable 
information about the surface, elemental, chemical or molecular properties and 
other parameters that influence their performance. The materials used in this project 
were characterized using the following techniques: Fourier infrared spectroscopy 
(FTIR),UV-vis spectrometry, Raman spectroscopy, X-ray photoelectron 
spectroscopy (XPS),thermogravimetric analysis (TGA), scanning electron 
microscopy (SEM), energy dispersive spectroscopy (EDS), transmission electron 
microscopy (TEM), Brunauer-Emmett-Teller (BET), and X-ray diffraction. 
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3.1.1 Fourier transform infrared spectroscopy (FTIR) 
FTIR is used to identify functional groups in materials [16, 17]. This non-destructive 
technique can be used for qualitative analysis of inorganic and organic compounds 
[17]. It involves the use of photons to bring transitions between vibrational states in 
molecules and functional groups in the infrared region of the solar spectrum [16]. 
Molecules absorb energy at specific frequencies and this phenomenon can be used 
to identify the molecules using IR spectra. A molecular finger print is created when 
infrared radiation has been passed through a sample as a result of some of the 
infrared radiation being absorbed whilst some of it being transmitted [18]. The 
signals that make the spectrum result from the vibrational and rotational excitation 
of molecules and or atoms within a molecule [18]. The spectrum produced is unique 
and no two unique molecular structures produce identical spectra. This makes the 
technique suitable for identification of molecules. A typical schematic diagram of 
modern FTIR spectrometer is shown in Figure 3.2. 
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Figure 3.2: Schematic-illustration-of-a-modern-FTIR-Spectrophotometer [19]. 
The FTIR spectra used in this project were obtained by a Perkin Elmer FTIR 100 
spectrophotometer in the range 500-4000 cm-1 averaging 32 scans at a spectra 
resolution of 4 cm-1. 
3.1.2 Raman spectroscopy 
Raman spectroscopy is a vibrational spectroscopy technique that is used for 
evaluating molecular motion and identifying compounds [18]. This technique is 
based on the inelastic scattering of photons after their interaction with vibrating 
molecules of the sample under analysis [20]. Raman spectroscopy can used for both 
quantitative and qualitative analysis. Qualitative analysis using Raman 
spectroscopy can be performed by measuring the frequency of scattered radiations 
while intensity of scattered radiations can be used for quantitative analysis [20]. 
During the analysis, a sample is illuminated with a laser beam that is directed by a 
monochromator, which then interacts with the molecules of sample and creates a 
scattered light [18].  
The scattered light has a different frequency from that of incident light (inelastic 
scattering) is used to construct a Raman spectrum. Since the vibrational energy 
spectrum of a sample is influenced by its chemical composition, the Raman 
spectrum provides a specific chemical fingerprint of the sample. A Raman spectrum 
is presented as an intensity-versus wavelength shift [20]. A typical schematic 
diagram of modern Raman spectrometer is shown in Figure 3.3. 
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Figure 3.3: Schematic-illustration-of a Raman spectrometer [21]. 
Raman spectra reported in this study were recorded using WITec Confocal Raman 
Microscope and a laser beam was focused onto the sample using 50 X magnification 
lenses. A laser power of 5% was used to avoid possible degradation of the sample. 
Data was collected and processed using WITec Control scanning and data 
acquisition software.   
3.1.3 X-ray diffraction (XRD) 
XRD technique is widely used for phase identification in crystalline materials [22]. 
The technique can be used to distinguish between amorphous and crystalline 
materials [23]. The analysis is based on the constructive interference of X-rays and 
a sample under analysis [24]. The X-rays are generated by a cathode X-ray tube 
and then directed to a sample by a monochromator. The interaction of the incident 
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rays with the sample produces constructive inference and diffracted rays when 
conditions satisfy Bragg’s Law (nλ=2d sin θ). The angle of diffraction (θ) is related 
to the interplanar spacing, d. The angles at which the collimated beam of X-rays are 
diffracted are measured [25]. In a crystalline solid, atoms are arranged in a periodic 
ordered manner. The X-ray diffraction patterns generated for a crystalline material 
provides a unique fingerprint of the crystals present in the sample that are 
characteristic of the sample. The diffraction patterns at different intensities at 
specific angles of diffraction produce a specific pattern that is unique to a crystal 
structure [24]. This periodicity is used to determine the crystallographic structure 
from an XRD analysis.  
In addition, to the determination of crystal structure of these materials, XRD can be 
utilized to determine crystal sizes, Miller indices, and charge distribution around 
atoms of crystalline materials such nanomaterials [25]. A typical schematic 
illustration of an XRD is given in Figure 3.4. 
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Figure 3. 4: Schematic-illustration-of an X- ray diffractometer [26]. 
Samples used in this project were analyzed using a Philips, X”Pert PRO MPD X-ray 
diffractometer that was operated at 40 kV and 40 mA. The instrument uses an X-
Ray source of Cu α- radiation beam with an excitation wavelength of 0.15406 nm 
for the analysis. Data analysis was performed using X”pert Data Collector software. 
3.1.1.1 Crystalline phases 
The crystalline phases (D) were estimated by using the the Scherrer equation: [27] 
𝐷 =  
𝑘 𝜆
𝛽 𝐶𝑜𝑠 𝜃
                                                                   3.1 
Where: 
D is the average size in nanometers 
 k = 0.89 
 λ = 0.1540 nm (Cu Kα) 
β = FWHM x 0.01745 in radians and θ is the peak position. 
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3.1.4 Ultraviolet–visible (UV) spectroscopy  
UV spectroscopy is a technique that can be used for quantitative and qualitative 
analysis purposes by measuring the absorbance of ultraviolet or visible light by a 
sample [28]. The UV range covered is from 190-400 nm whilst the visible region is 
from 400-800 nm [29]. The UV and visible radiation is produced from a light source, 
which is made up of a combination of tungsten and halogen, or from deuterium 
lamps. The light is directed onto a diffracting grating, which will split the incoming 
light into its component colors of different wavelengths. Liquid samples are held in 
cuvettes or cells, which are optically flat and transparent. Most modern UV 
spectrometers have two sample holders accommodating a reference solution 
(blank) and the sample solution. 
The intensity of light passing through the reference cell and the sample cell is 
measured and recorded by a light detector. The absorbance recorded is related to  
Beer`s law which states that the absorbance (A) is related to the incident intensity 
(Io), transmitted light intensity I, concentration of liquid sample (c), path length of the 
sample (l), absorption coefficient, α and molar absorptivity ε by the Equation 3.2 
[30]. 
𝐴 = log
𝑙𝑜
𝑙
=  − log  𝑇 =  𝛼𝐶 = 𝜀𝑙𝐶                  3.2 
where: 
T is the transmittance, defined as I/Io, A is the absorbance 
 l is the optical path length,  
C is the concentration in mol dm-3  
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 ε is molar extinction constant. 
3.1.4.1 Diffuse reflectance measurement 
Diffuse reflectance is a technique for studying the spectral characteristics of opaque 
solid samples. The principle used for diffuse reflectance is based on the fact that an 
incident light beam on a powdered sample, is reflected in all directions. Due to the 
different shapes in powdered samples, it is reflected in different directions. The 
remaining light is refracted as it penetrates the powders. Due to reflection from the 
surface of other powders, repeated refraction entry into powders and internal 
reflections the light is scattered. Some of the scattered light is emitted back in air. 
The diffuse reflected light becomes weaker if absorption by the powder occurs 
during reflection or if it passes through the powder. This results in a diffuse reflected 
spectrum. Figure 3.5 shows a schematic diagram of light scattering from a powdered 
sample. 
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Figure 3. 5: Schematic diagram of light scattering from a powdered sample. 
In diffuse reflectance spectroscopy, a sample may be diluted with an alkali halide 
such as KCl or KBr, therefore, the background spectrum of the used alkali halide 
should be taken first to remove interference due to it [31]. 
For finely ground powders, the Kubelka-Munk theory predicts a linear relationship 
between the absorption coefficient and the value of the factored spectrum [31]. This 
allows the diffuse reflectance to be used as a quantitative tool [32]. The percentage 
diffuse reflectance data can be manipulated to Kubelka-Munk units for an infinitely 
thick layer by using the Kubelka-Munk algorithm according to the Equation 3.3: [32] 
𝐾 =
(1 − 𝑅)2
2𝑅
= 𝐹(𝑅)                                          3.3 
where: 
K= reflectance transformed according to Kubelka-Munk 
R is percentage reflectance 
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F(R) is the remission or the Kubelka-Munk function. 
The band gap Eg and the absorption coefficient, α are expressed in an Equation 3.4 
as:[33] 
                                    𝛼ℎ𝑣 =   𝐴(ℎ𝑣 − 𝐸𝑔)
n                                                  3.4 
where: 
 α is the absorption coefficient 
 hv is the energy of light 
 A is a constant 
 Eg is the band gap and 
 n is a constant depending on the nature of the band gap transition mode. 
The value of n is 2 for indirect allowed transition or 
1
2
 for direct allowed transitions 
[34]. The value of n can be 
3
2
 for a direct forbidden transition or 3 for indirect 
forbidden transition. TiO2 has an indirect allowed transition, therefore, the value of 
n is 2 [34]. However due to doping the value of n may vary slightly. 
The material band gap can be determined from the absorption coefficient. For 
crystalline materials Equation, 3.4 can be rearranged as [35]  
[𝐹(𝑅)ℎ𝑣)]
1
𝑛⁄ = 𝐴(ℎ𝑣 − 𝐸𝑔  )
𝑛               3.5 
The band gap of materials can be deduced from the Tauc`s plot, which is a plot of 
[𝐹(𝑅)𝑥 ℎ𝑣]𝑛 vs photon energy. The value of n depends on the specific transitions of 
the material [35].  
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Optical properties for this project were investigated using a 1800 UV-Vis 
spectrophotometer (Massachusetts, USA) equipped with a IRS 240A integrating 
sphere and a BaSO4 was used as a reflectance standard. 
3.1.5 Brunauer-Emmett-Teller (BET) 
BET analysis provides the specific surface area, pore size distribution and the pore 
volume of a sample [36]. This information is used to predict the performance of 
materials in adsorption and catalytic reactions as they are proportional to the surface 
area [36]. In BET analysis, the samples are dried with nitrogen or by purging in a 
vacuum at elevated temperatures. The volume of gas adsorbed to the surface of the 
sample particles is measured at the boiling point of nitrogen (-196°C) [37]. The 
surface area of the particles is measured by correlating the amount of adsorbed gas 
to the total surface area of the particles including pores in the surface according to 
the BET theory [38]. Figure 3.6 shows a typical BET instrument schematic diagram. 
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Figure 3. 6: Schematic-illustration-of a BET instrument [39]. 
The porosity shows the total fraction of void space within a sample. The BET 
analysis for this project was carried out using a Micromeritics ASAP 2020 surface 
area and porosity analyzer (Norcross, USA). A sample weight of between 200-300 
mg was degassed at 110°C for 6 h under vacuum. Nitrogen gas was used as the 
probe gas.  
3.1.6 Scanning electron microscopy (SEM) 
SEM analysis is used to give information about the morphology of a sample. In SEM 
analysis, an electron beam illuminates a sample and obtains a magnified image of 
a sample`s surface. The electron beam is produced from a tungsten filament, which 
produces electrons after application of voltage [40]. This beam of electrons passes 
through a vacuum and an electromagnetic field. The beam is then focused on a 
sample by lenses. Once the electrons reach the sample, they lose energy by 
repeated random scattering and absorption within the interaction volume [25]. The 
energy interactions between the electron beam and the sample results in reflection 
 103 
of high-energy electrons by elastic scattering, emission of secondary electrons by 
inelastic scattering and the emission of electromagnetic radiation [25]. A typical SEM 
instrument is shown in Figure 3.7. 
 
Figure 3. 7: Schematic-illustration-of a SEM instrument. 
Source: (https://cmrf.research.uiowa.edu/scanning-electron-microscopy). 
These reflections result in signals, which are sent to the detector. Some of the beam 
of electrons are absorbed by the sample and can be detected by a detector. Some 
of the beam is scattered. The backscattered, secondary electrons are collected by 
a detector and converted into a signal that is sent to a screen producing an image 
[25]. A VEGA3 TESCAN (Bruno, Czech Republic) scanning electron microscope 
was used for SEM and electron dispersive x-ray spectroscopy analysis. 
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3.1.6.1 Energy dispersive X-ray spectroscopy (EDS) 
SEM analysis can be used in conjunction with detectors such as EDS and 
wavelength dispersive X-ray spectroscopy (WDS) in order to determine the 
elemental composition of a sample [25]. The EDS technique can be used for 
chemical characterization of a sample in conjunction with scanning electron 
microscopy and transmission electron microscopy. The backscattered electron 
images in SEM show compositional contrast results from the different elements in 
the sample and their distribution. EDS allows for the identification of these elements 
and their relative proportions [25]. A VEGA3 TESCAN (Bruno, Czech Republic) 
scanning electron microscope was used for SEM and electron dispersive x-ray 
spectroscopy analysis. 
3.1.7 Transmission electron microscopy (TEM) 
This is a technique used to obtain in-depth information about the morphology of a 
sample [41]. In TEM analysis, a collimated beam of electrons is passed through a 
sample and interacts with it as it passes through it. The high-energy electrons can 
scatter or backscatter elastically or in-elastically, producing X-rays after their 
interactions with the sample [42]. The X-ray energy is equal to a difference between 
two energy levels of the electron cloud of the atom. Since the difference between 
these energy levels are quantified, the X-ray energy spectrum, which is generated, 
represents the signature of the atom [42]. An image is formed from the interaction 
of the electrons transmitted through the sample and then magnified and focused 
onto an imaging device, and detected by a sensor such as a CCD camera. 
In addition, TEM allows for the generation of diffraction patterns of materials, 
therefore, the crystallography can be determined [43]. Due to the high resolution 
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power of TEM, the technique can be used to determine materials, particle sizes, 
shape, growth patterns/ orientation, detection of defects as well as the elemental 
composition [41, 43]. A generalized schematic illustration of a TEM instrument is 
shown in Figure 3.8. 
 
Figure 3. 8: A generalized schematic-illustration-of a TEM instrument. 
Source: (https://myscope.training/legacy/tem/introduction/). 
A JEOL JEM-2100 TEM electron microscope (Peabody, Massachusetts, USA) was 
used for in-depth analysis of the morphology of materials. Images were collected on 
Gaitan Digital Imaging software. The sample were prepared for TEM analysis by 
sonicating in ethanol for 10 mins and then depositing small drops of the material 
suspension a coated copper grids. The copper grids were allowed to dry in air before 
mounting on in the instrument for analysis. 
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3.1.8 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a nondestructive method for studying the 
electronic structure of atoms, molecules, and solids [44]. XPS involves the 
irradiation of a sample with monochromatic low energy X-rays detaching electrons 
from atoms, molecules or solids [45]. The absorption of high energy X-rays results 
in ionization of an electron level. An electrostatic analyzer is used to determine the 
energy spectrum of electrons. The momentum and energy of the photoelectrons 
give direct information on the electronic structure of material, from which they were 
excited [44]. The binding energy of each core-level electron is unique to the atom 
and the specific orbital it belongs to [46]. The kinetic energy of a core level 
photoelectron can be related to its characteristic binding energy since the energy of 
the incident X-rays will be known [46]. Figure 3.9 shows a typical XPS instrument. 
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Figure 3. 9: Schematic-illustration-of XPS instrument [47]. 
XPS is widely used for elemental identification and it provides chemical information 
about materials. In this project, XPS analysis was performed using a Physical 
Electronics (PHI) Quantum 200 XPS spectrophotometer with Al Kα as the excitation 
source. 
3.1.9 Thermogravimetric analysis (TGA) 
TGA is a thermal characterization technique that measures changes in weight in a 
sample as a function of temperature (oC) over time and atmosphere [48]. A TGA 
instrument comprises of a sample pan that is supported by a precision balance. The 
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sample pan is accommodated in a furnace and is heated or cooled during the 
experiment. The mass of the sample is monitored progressively during the analysis 
[49]. A gas is used to purge the sample pan environment in order to control it. An 
unreactive or a reactive gas is usually passed over the sample and is purged out 
through an exhaust. TGA can quantify loss of water, loss of solvent, loss of additives, 
decomposition, and percentage ash content [48].  Figure 3.10 shows a schematic 
illustration of a TGA instrument. 
 
Figure 3. 10: Schematic-illustration-of TGA instrument. 
Source: https://slideplayer.com/slide/9234657/  
Thermal profiling of materials used in this study was done by a using a STA 7200RV 
HITACHI thermogravimetric analyzer. 
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3.1.10 Photoluminescence spectroscopy (PL) 
This is a nondestructive technique for probing the electronic structure of materials 
[50]. In a typical analysis, light is directed onto a sample and the sample absorbs it 
resulting in the excitation of molecules and atoms of the material in a process called 
photo-excitation [50]. The absorbed energy is lost over time as emitted light 
(luminescence) and the process is known as photoluminescence. The amount of 
the emitted light is related to the relative contribution of the radiative process [50]. 
Photoluminescence has been reported to be useful in the analysis of alloys to detect 
inhomogeneity and variations in impurity concentration [51]. Figure 3.11 shows a 
typical schematic illustration of a PL spectrometer. 
 
Figure 3. 11: Schematic-illustration-of PL spectrometer [52]. 
In this study, photoluminescence measurements were performed using a Perkin 
Elmer LS45 Fluorescence Spectrometer. 
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3.2  Photodegradation experiments 
The photocatalytic experiments were conducted in a reactor under irradiation of 
either ultra-violet radiation or visible radiation lamp. Two sources of radiation were 
used; a 150 W tungsten filament lamp and a 500 W Xenon filament lamp. The power 
output was set at 300 W from the power supply.  The photocatalysts were 
suspended in the analyte solution and the mixture was magnetically stirred 
continuously during the degradation experiments. Figure 3.12 shows a schematic 
diagram of the photodegradation experiments used for this work. Quantification of 
the analytes was performed using an Agilent high-performance liquid 
chromatography (HPLC) and the degradation products were conducted using a 
Shimadzu UHPLC-MS/MS 8030 instrument (Tokyo, Japan). 
 
Figure 3. 12: Schematic diagram of photodegradation experiments. 
3.2.1 High-performance liquid chromatography (HPLC) 
High performance liquid chromatography (HPLC) is a technique used to separate 
mixtures of substances into individual chemical components based on their 
molecular structure and molecular composition [53]. Unlike in basic column 
chromatography, the mobile phase in HPLC technique is forced through the system 
 111 
at high pressure of up to 400 atmospheres [54, 55]. The mobile phase is forced 
through a stationary phase and carries the components of the mixture with it. The 
components are separated according to their interactions with the stationary phase 
and the mobile phase. Sample components that interact strongly with the stationary 
phase will move more slowly through the column compared to components with 
weaker interactions [56, 57]. This difference in the rate of interaction influences the 
separation of various components. 
HPLC can be classified into normal phase, reverse phase, size exclusion and ion 
exchange depending on the stationary phase [54, 58-60]. In normal phase, HPLC 
components are separated based on polarity. The stationary phase is made of polar 
materials such as silica and non-polar mobile phase such as methylene chloride and 
chloroform. Reverse phase HPLC system uses hydrophobic stationary phases and 
polar mobile phases such as water, methanol, and acetonitrile [54]. Due to 
hydrophobic interactions, non-polar components are retained longer in the 
stationary phase. Size exclusion separates components based on their molecular 
size [60]. The stationary phase in size exclusion is packed with material having 
precisely controlled pore sizes. This results in large components washing fast 
through the column and small components penetrating the pores of the stationary 
phase and eluting later. 
Ion exchange HPLC systems have charged stationary phases, which have an 
opposite charge to the analyte sample [59]. The stronger the interaction between 
the analyte and the stationary phase, the longer the analyte is retained in the 
column. Aqueous buffers are used as mobile phases and both pH and ionic strength 
are used to control the elution time. HPLC systems commonly use ultraviolet, 
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fluorescence, mass-spectrometer and electrochemical detectors [61-63]. Figure 
3.12 shows a typical schematic illustration of an HPLC instrument. 
 
Figure 3. 13: Schematic-illustration-of HPLC instrument. 
Source: (http://www.waters.com/waters).  
3.2.2 Liquid chromatography-mass spectrometry (LC-MS) 
This technique couples liquid chromatography with mass spectrometry. In this 
technique, individual components of a mixture are first separated by liquid 
chromatography and channeled into a mass spectrometer where the components 
are ionized and the ions are separated based on their mass/charge ratio [64]. The 
separated ions are channeled to a photo or electron multiplier tube detector, which 
then identifies and quantifies each ion [65]. Different ion sources are used such as 
Electronspray Ionization (ESI), and Atmospheric Pressure Chemical Ionization 
(APCI) [64, 66]. The choice of ion source is influenced by the chemical nature of the 
components i.e. polar or non-polar [66]. 
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CHAPTER 4:  
PHOTOCATALYTIC DEGRADATION OF BISPHENOL A IN WATER USING 
PANI-WRAPPED TiO2 NANORODS 
4.0 INTRODUCTION 
Water is regarded as the most vital of natural resources worldwide for the 
sustainability of life, yet freshwater systems are directly threatened by human 
activities. Currently, the world is facing a serious challenge in saving the few 
available sources of “clean” water [1]. Rapid industrialization has led to high 
discharge of organic pollutants into the environment, causing serious damage to 
aquatic life as well as human well-being [2, 3]. Among these pollutants that are well 
reported for their negative impact on water quality, are a unique class of compounds 
referred as emerging organic pollutants. Bisphenol A (BPA) is one of these emerging 
organic pollutants and is a synthetic organic compound, widely used in the 
production of food packaging, pesticides, flame retardants, polycarbonate and 
epoxy resins[4-8]. BPA has been reported to act as an endocrine disruptor [4-8]. It 
enters the aquatic system during the manufacturing process or through leaching 
from the products [9-11]. BPA has a high water solubility (120 mg/L at 25°C) and 
KOW ~3.4 which is considered a moderate potential for bioaccumulation [12]. It acts 
by binding to the estrogen receptor or membrane-bound estrogen receptor in 
cellular nucleus and influences cellular activities [10, 11]. In addition, BPA has been 
shown to affect metabolism through influencing enzyme activity in animal tissues 
[7]. 
To date, various methods have been reported for the removal of BPA from 
wastewater. These include adsorption, biological treatment, chemical oxidation, and 
 122 
 
advanced oxidation processes [13-16]. However, some of these methods have 
proven to be inefficient or are prone to generating large amount of sludge [17, 18]. 
Advanced oxidation processes, on the other hand, have been consistently identified 
as effective methodologies for the removal of persistent organic pollutants from an 
aqueous environment. Among the advanced oxidation processes, the 
photodegradation technique, which is based on the ability of semiconductor 
materials to absorb a photon of energy equal to or greater than its band gap energy 
and generate hydroxyl (.OH) and superoxide (.O2-) radicals has been consistently 
used to degrade organic contaminants [19]. Photodegradation offers the 
advantages of high efficiency, low toxicity, simplicity in design and ease of operation 
[20, 21].  
Several catalysts have been reported in the literature for the photodegradation of 
BPA [22-25]. Taking into consideration TiO2 properties, including, strong oxidizing 
power, large surface area, corrosion resistance, non-toxicity, and cost effectiveness, 
this semiconductor has been widely used as a photocatalyst for the degradation of 
organic pollutants [26, 27]. However, its application has been hindered by the high 
recombination rate of the electron-hole pairs [19]. Surface modification of TiO2 with 
PANI conducting polymer has been reported to alleviate this challenge by effecting 
charge separation. For example, commercially available irregularly shaped 
polyhedra P25 deposited by PANI has been found to exhibit an improved 
photocatalytic performance towards methylene blue due to electrons being gathered 
in the conduction band of TiO2 while holes are trapped in the highest occupied 
molecular orbital (HOMO) of PANI [28]. On the other hand, spherical black anatase 
TiO2 nanoparticles, synthesized via a hydrothermal procedure, were deposited onto 
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a PANI matrix and resulted in improved light absorption for photocatalytic 
degradation of methyl orange [29].  
The conducting polymer PANI has been utilized as a polymer of choice because of 
its easy synthesis, relatively low cost, non-toxicity, and modifiable surface chemistry 
[30]. In addition to the stated desirable properties of PANI, we chose it for our study 
for its added ability to adsorb organic molecules via π-π interactions as well as 
hydrogen bonding [30]. Furthermore, the incorporation of the TiO2 photocatalyst into 
a PANI polymer alleviates the problem of agglomeration that may occur if powders 
are used [31]. In addition, we envision an improved photodegradation performance 
of the nanocomposite due to the large surface area offered by nanorods compared 
to other forms of TiO2 [32].   
Although there have been numerous reports on TiO2/PANI as photocatalysts, there 
are no studies reported on PANI wrapped TiO2 nanorods for the degradation of BPA 
under UV radiation as per the authors` knowledge [28, 33]. In addition, there are no 
reports with the experimental data to explain the mechanism of degradation by 
PANI-supported TiO2, which were conducted in this study. 
Based on the above consideration, in the present work, PANI wrapped TiO2 
nanorods were prepared for the degradation of BPA under UV radiation. 
4.1 MATERIALS AND METHODS 
4.1.1 Reagents  
All chemicals used in present research were of AR grade, except the ones 
highlighted. Titanium isopropoxide (TTIP), isopropyl alcohol, acetic acid, sodium 
hydroxide (NaOH), nitric acid (HNO3), Iron(III) chloride (FeCl3), aniline, bisphenol A 
 124 
 
[2,2-bis(4-hydroxyphenyl) propane, BPA], Methanol (HPLC Grade), Acetonitrile 
(HPLC Grade),benzoquinone, potassium iodide, potassium nitrate, ammonium 
acetate, humic acid and acetone were acquired from Sigma Aldrich and used 
without further purification. Ultrapure water was obtained from a Merck water system 
(MilliQ). 
4.1.2 Synthesis of PANI 
PANI was synthesized following a method adopted from literature with slight 
modification [34]. In a typical synthesis, FeCl3 (6 g) was dissolved in 40 mL of 
distilled water and 0.8 mL of aniline monomer was rapidly added to the oxidant 
solution under stirring. Distilled water (40 mL) was slowly added to the solution while 
stirring for about five minutes and then left to stand for 12 hrs. The green product 
was washed with acetone to stop further polymerization and then further washed 
with distilled water ~pH 7. The green product was filtered under vacuum and dried 
in an oven at 60°C. 
4.1.3 Synthesis of TiO2 nanoparticles 
TiO2 nanoparticles were synthesized using a hydrothermal method. Typically, 5 mL 
of TTIP was dissolved in a mixture of isopropyl alcohol and water (5:3). The solution 
was poured into a 100 mL beaker and stirred. Concentrated acetic acid (6 mL) was 
added to the solution whilst stirring. The solution was stirred for 3 h and heated to 
180°C in an autoclave for 24 hr. The solution was then cooled at room temperature 
and washed with excess ethanol to yield a white precipitate. The precipitate was 
washed with distilled water until ~pH 7. The precipitate was then dried in an oven at 
60°C and calcined at 500°C in a muffle furnace in air producing TiO2. 
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4.1.4 Synthesis of TiO2 nanorods 
TiO2 nanoparticles synthesized following the method described in earlier in section 
2.4 were then dispersed in 10 M NaOH solution and stirred until homogeneity was 
achieved. The mixture was placed in a teflon lined autoclave and then heated to 
180°C in an autoclave for 48 hr. The solution was then cooled at room temperature 
and then washed with dilute HNO3 and then with distilled water until ~ pH 7. The 
precipitate was then dried in an oven at 60°C and then calcined at 500°C in a muffle 
furnace in air producing TiO2 nanorods. 
4.1.5 Synthesis of PANI -TiO2 
PANI-TiO2 nanocomposite was synthesized as follows: varying amounts of TiO2 
nanorods were dispersed in 20 mL of distilled water and stirred continuously. FeCl3 
(6 g) was added to the mixture and 0.2 mL of aniline monomer was rapidly added to 
the oxidant solution under stirring. Distilled water (60 mL) was slowly added to the 
solution under stirring for about five minutes and then left to stand for 12 h. The 
green product was washed with acetone to stop further polymerization and then 
further washed with distilled water ~pH 7. This product was filtered under vacuum 
and dried in an oven at 60°C. 
4.2 CHARACTERIZATION OF THE PHOTOCATALYSTS 
The morphology of TiO2 nanorods and PANI-TiO2 nanocomposite were analyzed by 
using VEGA3 TESCAN (Bruno, Czech Republic) Scanning electron microscopy 
(SEM) and a JEOL JEM-2100 TEM electron microscope (Peabody, Massachusetts, 
USA) The structural properties were analyzed by X-ray diffraction (XRD) (Philips, 
X'Pert PRO MPD, mineral powder diffraction) analysis which was carried to 
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investigate the crystallinity of the nanocomposite. The instrument uses an X-Ray 
source of Cu α- radiation beam with excitation wavelength of 0.15406 nm for the 
analysis. The functional groups of the materials were analyzed by Fourier transform 
infrared (FTIR) spectra were recorded from 400–4000 cm-1 using KBr pellets. 
Raman spectra was recorded using a WITec Confocal Raman Microscope. Data 
was collected and processed using a WITec Control scanning and data acquisition 
software.  
Surface area and porosity of TiO2 and PANI-TiO2 nanocomposite were analyzed 
using a Brunauer Emmett Teller (BET) surface area analyzer (ASAP 2020, 
Micromeritics Instruments, USA) using N2 adsorption and desorption isotherms. 
Elemental composition, states, and surface characterization was done using a 
Physical Electronics (PHI) Quantum 200 XPS spectrophotometer with Al Kα as the 
excitation source. Photoluminescence measurements were performed using a 
Perkin Elmer LS 45 Fluorescence Spectrometer. 
4.3 PHOTOCATALYTIC DEGRADATION STUDIES 
The photodegradation studies were carried out in a photocatalytic reactor with a 
capacity of 1000 mL. A glass column housing of the UV lamp was fixed inside the 
reactor with tap water circulating around the glass column cooling the solution. The 
wall of the glass column has a thickness of 3 mm. The reactor was made of Perspex 
and during reactions, it was placed on a magnetic stirrer to keep the solution under 
agitation. The mixture of catalyst and BPA solution was left in the dark under 
magnetic stirring for an hour to until adsorption–desorption equilibrium was 
established [35]. The mixture was irradiated with a UV lamp light at a predominant 
wavelength of 365 nm. The photodegradation performance was investigated as a 
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function of time. In the experiments, the initial solution pH was adjusted to pH 10 
from the solution pH of 6.5 with 0.1 M HCl or 0.1 M NaOH for experiments 
investigating the influence of pH. The suspension was continuously stirred in the 
dark for 30 min using a magnetic stirrer to ensure the adsorption equilibrium of BPA 
on the catalyst. Aliquots (10 mL) were removed from the sample at varied time 
intervals, and filtered through 0.45 µm membranes filter discs for analysis by an 
Agilent high-performance liquid chromatography (HPLC) using acetonitrile/water 
(40/60, v/v) as the mobile phase, an elution time of 15 min, and a detector wave-
length of 275 nm.  
A C18 reversed-phase column (4.6 nm × 150 nm) was used for chromatographic 
analysis. Reproducibility of the measurements was ensured by performing these 
three times. The effect of pH on the photodegradation was examined by keeping 0.1 
g of the photocatalyst in contact with 500 mL BPA solutions of 5 ppm concentrations, 
set at pH 4.5, 7 and 10 and at a temperature of 25°C. Similarly, the effect of 
photocatalyst dosage was investigated for the photodegradation of BPA by varying 
the mass of the photocatalyst from 10 mg to 250 mg in a 500 mL of 5 ppm BPA 
solution. The effect of initial BPA concentration was investigated at different initial 
BPA concentration from 1 ppm to 30 ppm. The presented data points are mean 
values. The removal efficiency of BPA was calculated using Equation 4.1: 
% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
𝐶𝑖 − 𝐶𝑓
𝐶𝑖
𝑥 100                                                                 4.1 
where Ci (mg/L) is initial concentration of adsorbate in solution, Cf (mg/L) is the final 
concentration of adsorbate in the filtrate. 
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4.3.1 LC/MS conditions 
The analysis was conducted using a Shimadzu UHPLC-MS/MS 8030 instrument 
(Tokyo, Japan). The chromatographic separation was performed using a RAPTOR 
AR C18, 2.7 µm 100 X 2.1 mm column. The column was previously conditioned with 
MeCN: (5:95 v/v) at a flow rate of 0.1 mL/min. The column temperature was set at 
40°C. BPA solutions were separated following gradient elution program shown in 
Table 1: To prevent sample carry over, 100% MeOH was used as blank and was 
injected after every standard and sample injection. A flow rate of 0.2 mL/minute was 
used for the elution of BPA in UHPLC. For tandem mass spectrometry, the 
deprotonated molecule [M+H]+ was used as precursor ion. Tandem mass 
spectrometry spectra were acquired between m/z 30 and m/z 300 in enhanced mass 
resolution mode Q3. A nebulizing gas flow rate of 3 L/min was used. A drying gas 
flow rate of 15 L/min was used for the mass spectrometry. 
Table 4. 1 LC gradient elution program for BPA 
 Time  Module Command Value 
1 0.01 Pumps Solvent B conc. 25 
2 0.50 Pumps Solvent B conc. 25 
3 3.50 Pumps Solvent B conc. 95 
4 4.00 Pumps Solvent B conc. 95 
5 4.10 Pumps Solvent B conc. 25 
6 10.00 Pumps Solvent B conc. 25 
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7 10.10 Controller Stop  
Solvent A: Water. 
Solvent B: Acetonitrile. 
4.4 RESULTS AND DISCUSSION 
4.4.1 FTIR analysis of TiO2, PANI and PANI-TiO2 
FTIR spectroscopy analysis revealed the incorporation of PANI into a 
nanocomposite of PANI-TiO2 as shown by the functional groups of PANI that are 
present in the  
PANI-TiO2 nanocomposite. The main peaks of PANI were all confirmed with peaks 
appearing at 3662 cm-1, 2955 cm-1, 1577 cm-1, 1502 cm-1, 1301cm-1, 1250 cm-1 and 
827 cm-1 [36-38]. The band at 3662 cm-1 corresponds to the N-H stretching mode 
and the peak around 2955 cm-1 correspond to the aromatic C-H vibration [37]. 
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Figure 4. 1: FTIR spectra of pristine TiO2, pristine PANI and PANI-TiO2. 
The peaks appearing at 1577 cm-1 and 1502 cm-1 are due to the C=C and C=N 
stretch of the benzoid and quinoid respectively (Figure 4.1). The peak appearing on 
1301 
 cm-1 is due to the C-N vibrations [37]. The peaks due to PANI were clearly observed 
in PANI-TiO2 sample. The spectrum displays the major peaks of PANI such as the 
peak at 3662 cm-1 which is due to the N-H stretching and other peaks due to the 
benzoid and quinoid rings which appear at 1577 cm-1 and 1502 cm-1[38].  
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The new weak peak appearing at 917 cm-1 is probably due to the C–H out of plane 
bending vibration of PANI composite [38]. These bands reveal the existence of PANI 
in the synthesized PANI-TiO2 sample. At 700 cm-1, a peak assigned to Ti-O-Ti 
bridging stretch modes was observed on the TiO2 spectra [39].  
4.4.2 Raman spectroscopy analysis of pristine PANI, pristine TiO2 and PANI-
TiO2 nanocomposite 
Raman spectroscopy confirmed the anatase phase of the TiO2 nanorods by the 
appearance of the typical peaks of anatase TiO2 at 637 cm-1, 514 cm-1, 396 cm-1 
and 195 cm-1 (Figure 4.2) [40]. The Raman spectroscopic analysis showed that the 
TiO2 anatase phase was not compromised after the synthesis of PANI-TiO2 polymer. 
In addition, it confirmed the incorporation of PANI polymer in the PANI-TiO2 
nanocomposite as evidenced by the appearance of the D band and the G band at 
1603 cm-1 and 1505 cm-1 respectively that are typically associated with carbon 
based materials [41].  
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Figure 4. 2: Raman spectra of pristine PANI, pristine TiO2, and PANI-TiO2. 
The results for Raman analysis are in agreement with FTIR spectroscopy analysis 
results that were reported earlier. (Figure 4.2). 
4.4.3 XRD analysis of pristine PANI, TiO2, and PANI-TiO2 
The results for XRD analysis are shown in Figure 4.3. XRD analysis of as-
synthesized PANI showed two broad peaks at 2θ=20.5° and 25.3°. This suggested 
an amorphous structure of the PANI and the results are in agreement with results 
that were obtained by Haldorai et al [42]. The XRD pattern, of as-synthesized TiO2 
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nanoparticles, showed peaks at 2θ = 25.30°, 37.90°, 47.99°, 54.2,° 62.72°, 68.84°, 
70.28°, 75.12° and 82.79° [26, 37].  
 
Figure 4. 3: XRD plot of (A) pristine PANI, (B) pristine TiO2, and (C) PANI-TiO2 
nanocomposite. 
These peaks correspond to anatase TiO2 with hkl crystal planes [101], [004], [200], 
[105], [211], [204], [116], [220], [215] and [303] respectively [43]. This pattern 
confirms the formation of pure anatase phase without any other phases with a 
JCPDS score of 97%. The observed 2θ values were consistent with the standard 
values and showed the anatase phase of TiO2 as per Joint Committee on Powder 
Diffraction Standard (JCPDS) card No. 01-086-1157. The peaks in as-synthesized 
TiO2 also appeared in PANI-TiO2 nanocomposite showing that the TiO2 did not lose 
its crystallinity even after incorporation of PANI.  
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XRD analysis can be used to determine the crystallite size of powdered material by 
treating the XRD data using the Scherrer equation [44-46]. The particle size of 
material have been reported to affect the overall performance of the photocatalyst 
[47]. Small particle sizes have been reported to provide a high surface area to 
volume ratio, which improves the photocatalytic efficiency by improving the contact 
between the photocatalysts and the pollutant [47, 48]. In this study, the particle sizes 
were determined using the Scherrer equation [45]: 
                           D = k λ / β Cos θ                 4.2  
Where D is the average size in nanometres, k = 0.89, λ = 0.1540 nm (Cu Kα), β = 
FWHM x 0.01745 in radians and θ is the peak position. 
The results show an average particle size of 16.62 nm. The same peak positions 
were also observed in a nanocomposite of PANI-TiO2 with an average particle size 
of 16.6 nm calculated. 
4.4.4 BET analysis of pristine PANI, TiO2, and PANI-TiO2 
The pore size distribution and specific surface area was determined via nitrogen 
adsorption-desorption isotherms.  Figure 4.4 illustrates that all the as-synthesized 
photocatalysts can be identified as Type IV isotherm with H4 type hysteresis loop 
according to the IUPAC-BET classification [49]. This signifies the presence of 
signifies the presence of mesoporous structure in the photocatalysts [49].  
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Figure 4. 4: BET surface area of [A], pristine TiO2 nanorods, [B], PANI-TiO2. 
Table 4.2 summarizes the BET specific surface area, pore volume and pore size of 
all as-prepared PANI, TiO2 and PANI-TiO2 photocatalysts. The BET data showed 
that the addition of PANI to the calcined TiO2 resulted in an increase in the surface 
area from 28.2179 m2/g of TiO2 to 44.8999 m2/g of PANI-TiO2. A similar trend was 
observed in the pore volume and pore size due to the incorporation of PANI into the 
PANI-TiO2 nanocomposite. The increase in these important parameters may result 
in high degradation performance of PANI-TiO2. [44]. 
 
 136 
 
Table 4. 2: BET specific surface area, pore volume and pore size of as-
prepared PANI, TiO2 and PANI-TiO2. 
Photocatalyst SBET (m2/g) Pole volume 
(cm3/g) 
Pore size (nm) 
PANI                                         
TiO2 
PANI-TiO2 
4.3093
    28.2179 
    44.8999                          
      0.033007 
      0.097520 
0.145248 
     30.64 
     13.82 
     35.62 
4.4.5 SEM analysis of (A) TiO2 nanorods and (B) PANI-TiO2 
Figure 4.5 shows rod-like TiO2 photocatalyst (image A). Image B in Figure 4.5 shows 
a denser rods shaped materials of different sizes.  
 
Figure 4. 5: SEM images of pristine TiO2 (A) and PANI-TiO2 (B). 
4.4.6 TEM analysis of (A) TiO2 nanorods and (B) SAED analysis TiO2 
nanorods 
TEM analysis confirmed that nanorods of TiO2 were synthesized as shown in Figure 
4.6a and Figure 4.6b. These uniformly dispersed TiO2 nanorods had diameter size 
range of 40-100 nm. TEM analysis revealed TiO2 nanorods were wrapped by a thin 
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layer of PANI forming in the nanocomposite of PANI-TiO2 (Figure 4.6c and Figure 
4.6d).  
 
Figure 4. 6: TEM images of (a), (b) pristine TiO2 (c), (d) PANI-TiO2, (e) EDS of 
PANI-TiO2 and (f) diameter of the TiO2 nanorods. 
EDX elemental analysis in Figure 4.6e showed the nanocomposite was mainly 
composed of carbon (C), oxygen (O) and titanium (Ti) elements. The chloride ion  
(Cl-) species and Fe came from the preparation of PANI-TiO2 nanocomposite. 
Copper (Cu) atoms shown were due to copper grids used during TEM analysis. 
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4.4.7 TGA analysis of pristine PANI, TiO2 nanorods and PANI-TiO2 
TGA was employed to investigate the thermal stability of the TiO2 and PANI-TiO2 
nanocomposite. TGA profiles of TiO2 and PANI-TiO2 nanocomposite are shown in 
Figure 4.7. TGA results for PANI shows four major weight losses. The weight loss 
in the first stage, from 50°C to 150°C for the peak of pristine TiO2 and PANI-TiO2 
nanocomposite is due to the loss of adsorbed and bound water on the 
nanocomposite [50]. The weight loss at 150°C to 250°C was due to loss of water of 
crystallization [51]. The weight loss that occurred after 380°C to 500°C was due to 
the removal of functional groups and breaking of bonds forming the PANI polymers 
and also due to lose of gaseous emissions e.g. carbon monoxide which might have 
occurred [51]. The final weight loss at 800°C was due to the thermal degradation of 
the carbonaceous material [52]. TGA for PANI-TiO2 nanocomposite is shown in 
Figure 4.7.  
 
Figure 4. 7: TGA and DTA graphs of pristine PANI, TiO2, and PANI-TiO2.  
The results indicate three major weight losses. The first weight loss at 25°C – 150°C 
was due to loss of moisture [53]. Another weight loss observed from 180 - 700°C 
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was due to loss of low molecular weight oligomers of PANI [26]. After 700°C, there 
was no weight loss observed for the nanocomposite due to the stability of TiO2, 
which was incorporated into PANI to form a nanocomposite. This is in agreement 
with observations made on pristine TiO2 [54].  
4.4.8 Photoluminescence and UV absorption analysis 
Photoluminescence (PL) and UV spectroscopy provide information on the charge 
separation of materials [52, 55, 56]. PL reveals the migration of charges (electrons 
and holes) and the formation of defects in the photocatalyst [52]. This helps in 
understanding the recombination rate of charges at the surface of the photocatalyst. 
Figure 4.8a shows results of emission of the materials at 530 nm for all sample 
materials. The intensity of pristine TiO2 spectra is higher than that of pristine PANI 
and that of PANI-TiO2. 
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Figure 4. 8a: Luminescence spectra of pristine TiO2, pristine PANI and PANI-
TiO2. 
The results show that the incorporation of PANI  can greatly improve the 
performance of the nanocomposite by reducing the recombination rate of the 
nanocomposite. This is attributed to the ability of PANI to effect charge separation 
by transferring electrons to the conduction band of TiO2 and also trapped holes 
leading to charge separation [35]. Figure 4.8b shows results of UV analysis of the 
photocatalysts. The results showed that PANI has a stronger absorption than either 
PANI-TiO2 nanocomposite or pristine TiO2. The wrapping of TiO2 nanorods with 
PANI in improved the absorption properties of the PANI-TiO2 nanocomposite. 
 Figure 4.8 B shows results of UV analysis of the photocatalysts and their DRS.  
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Figure 4.8b: UV absorption spectra of pristine TiO2, pristine PANI, PANI-TiO2 
and Tauc`s plot of pristine TiO2 and PANI-TiO2.  
The results showed that PANI has a stronger absorption than either PANI-TiO2 
nanocomposite or pristine TiO2.The wrapping of TiO2 nanorods with PANI in 
improved the absorption properties of the PANI-TiO2 nanocomposite. This was also 
reflected in the Tauc`s plot with the band gap estimation of PANI-TiO2 was at 3.1 
eV compared to that of pristine TiO2 which was at 3.2 eV (Figure 4.8b). 
4.4.9 X-Ray Photoelectron Spectroscopy 
The surface characterization and chemical states of PANI-TiO2 nanocomposite was 
examined by X-ray photoelectron spectroscopy (XPS). Figure 4.9a represents XPS 
survey scan of PANI-TiO2 nanocomposite, which revealed the presence of C, O, Ti 
and N.  
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Figure 4. 9 (a): XPS survey scan for TiO2-PANI. 
The XPS results shown in Figure 4.9b reveal a peak at 284.75 eV which was 
assigned to carbon from the PANI polymer [57]. A small peak was observed at 288.1 
eV corresponding to C-O-Ti was observed [58].  
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Figure 4.9 (b): Core level XPS spectra for (a) C 1s, (b) N 1s (c) O 1s and Ti 2p 
of TiO2-PANI. 
A peak in Figure 4.9c at 399.3 eV was due to N 1s peak corroborates positively with 
quinoid amine and benzenoid amine, which is consistent with the structure of PANI 
as reported by Golczak et al [59]. Figure 4.9d presents the core level O 1s spectra 
(530 eV) due to O bonds such as Ti−O−Ti and Ti−O−H [57]. Ti 2p core level spectra 
is presented in Figure 4.9e at 459.2 eV and 464.9 eV due to Ti 2p1/2 and Ti 2p3/2 
respectively [58, 60]. 
4.5 APPLICATION RESULTS 
4.5.1 Selection of photocatalysts 
The photocatalytic action of pristine TiO2 and PANI-TiO2 was evaluated using a 
photocatalyst dosage of 0.2 g/L and 5 mg/L BPA solution at solution pH 6.5. Figure 
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4.10 shows the photocatalytic degradation of BPA under UV radiation. It is clearly 
observed that the photocatalytic degradation removal of PANI-TiO2 was higher than 
that of pristine TiO2.  
 
Figure 4. 10: Degradation of BPA on (a) pristine TiO2 in the dark, (b) PANI-TiO2 
in the dark, photocatalytic degradation on, (c) pristine TiO2 and (d) PANI-TiO2. 
After 80 mins irradiation, 79.8% degradation of BPA was achieved by PANI-TiO2 
compared to a removal efficiency of 60.7% that was observed for pristine TiO2. The 
enhanced photoresponse of PANI-TiO2 can be attributed to modification of TiO2 with 
PANI. This is in agreement with observed results from BET analysis that showed an 
increase in the surface area of the nanocomposite after modification of TiO2 with 
PANI (Figure 4.10). The contribution of PANI to the overall degradation efficiency is 
further highlighted by the increased removal efficiency of BPA in graph (b) compared 
to graph (a) under darkness. The removal in graph (b) can be attributed to 
adsorption via π-π stacking and hydrogen bonding of BPA and PANI [37]. The slight 
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removal that was observed on graph (a) can be attributed to photolysis. PANI-TiO2 
was chosen for the rest of the experiments. 
4.5.2 Effect of pH of BPA solution on its photodegradation 
Solution pH plays an important role in determining the efficiency of the 
photodegradation process. This is because it affects the adsorption-desorption of 
the organic molecules on the surface of the photocatalyst. In addition, pH influences 
the generation of hydroxyl radicals as well as active oxygen species that occur on 
the surface of the photocatalyst [34]. Figure 4.11 shows a comparison of the 
degradation of BPA (5 ppm) with a dosage of 0.2 g/L at different at different initial 
BPA solution pH ranging from 4 – 10.  
 
Figure 4. 11: Effects of initial pH on the degradation of BPA using PANI-TiO2 
under UV light. 
The results showed that the degradation of BPA depended strongly on the initial 
solution pH. The reported point of zero charge of TiO2 from literature is 6.25 whilst 
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that of PANI is 5.8 [61, 62]. This implies that the surface of the PANI-TiO2 was 
negatively charged in alkaline solution and positively charged in acidic solution. On 
the other hand, BPA had a negative charge due to the hydroxyl molecules in its 
structure [63]. These surface properties influenced the initial adsorption of BPA on 
the catalysts. The results in Figure 4.11 show that the BPA removal was 99.8% at 
pH 10 compared to 79.6% at pH 7 and lowest removal was at pH 4 (50%). The high 
removal at pH 10 was due to an increase in diffused hydroxyl radicals in the bulk 
solution that degraded BPA [34, 36, 64]. Therefore, pH of 10 was used as the 
optimum pH for the rest of the experiments. 
4.5.3 Effect of photocatalyst dosage on the photodegradation of BPA 
The effect of dosage on the photodegradation of BPA was determined in order to 
optimize the efficiency of the photodegradation process. Figure 4.12 shows a 
comparison of the degradation of BPA at different initial photocatalyst dosage.  
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Figure 4. 12: Effect of photocatalyst dosage on the photodegradation of BPA 
by  
PANI-TiO2. 
The results show that photodegradation efficiency improved with an increase in the 
dosage. The increase in dosage increased the number of ∙OH radicals which 
participated in the degradation of BPA [36]. The results shown in Figure 10 show 
that the highest degradation of 99.9% was attained within 80 mins for dosages of 
250 mg.  However despite achieving 94.5% degradation efficiency after the same 
irradiation time, 100 mg dosage in 500 mL BPA was chosen as the optimum dosage 
for the rest of the study. A high dosage may have reduced the degradation efficiency 
due to aggregation of the photocatalyst aggregation which may have reduced the 
surface area of the photocatalyst for light absorption [15]. The BPA solution was 
degraded up to 40%, 50%, 59.6% and 80.5% by 10 mg, 20 mg, 50 mg, and 75 mg 
photocatalyst dosages after 80 min of irradiation. 
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4.5.4 Effect of initial concentration of BPA on photodegradation 
The effect of initial BPA concentration on its photodegradation was investigated over 
a concentration range of 1 ppm - 30 ppm under optimal pH of 10 and a photocatalyst 
dosage of 0.2 g/L. The photodegradation efficiency was influenced by the initial BPA 
concentration as shown in Figure 4.13.  
 
Figure 4. 13: Effect of initial concentration on the photodegradation of BPA by  
PANI-TiO2. 
Complete degradation of 1-ppm BPA solution was achieved within 80 mins.  99.6% 
degradation was attained for 5 ppm BPA solution within the same time and only 
45.4% was achieved when degrading 30 ppm BPA. After 80 mins of irradiation, 68%, 
75.8%, and 85% was degraded for 10 ppm, 15 ppm and 20 ppm BPA solutions 
respectively. The degradation efficiency decrease with increase in the concentration 
of BPA. This can be attributed to the increase in the BPA molecules that were 
adsorbed on the surface of the photocatalyst [35]. This resulted in a reduction in the 
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photons that were able to reach the surface of the photocatalyst surface and 
therefore less hydroxyl radicals were generated resulting in reduced 
photodegradation efficiency [15].  
4.5.5 Kinetic studies 
A kinetic study on the degradation of BPA by as-synthesized PANI, TiO2 and  
PANI-TiO2. Table 4.3 shows the rate constants for the photodegradation of BPA 
corresponding to the Langmuir-Hinshelwood kinetics which follows the relationship 
given below: The rate constant was calculated using the following expression:[65]  
ln (
𝐶𝑜
𝐶
) =  − 𝑘𝑡                                                                              (4.4) 
Where Co and C is the initial and final concentration respectively, k is the rate 
constant and t is the irradiation time. The rate constant for the degradation of BPA 
are shown in Table 4.3. The results show that PANI had the lowest rate constant of  
7.04 10-4 min-1. Pristine TiO2 had a rate constant of 2.18 x 10-2 min-1. PANI-TiO2 
show a better performance than as-synthesized PANI and TiO2 with a rate constant 
of  
4.46 x 10-2 min-1. The results show a linear agreement with pseudo-first order 
kinetics with high R2 values. However, the R2 value for the degradation of BPA by 
PANI was 0.6895, which was the lowest suggesting that the removal of BPA did not 
fit well with the pseudo-first order kinetic model. 
 
 
 
 150 
 
 
Table 4. 3: Rate constants for the degradation of BPA by PANI, TiO2, and PANI-
TiO2. 
Photocatalyst          R2 Rate constant (kmin-1) 
PANI                                         0.6895                                       7.04 x 10-4 
TiO2                                                              0.9688                                        2.18 x 10-2 
PANI-TiO2                                                0.9589                                       4.46 x10-2 
4.5.6 Effect of nitrate ion on the degradation of BPA 
Nitrates have been reported to influence the degradation of organic matter in natural 
water as it is a source of hydroxide radicals [66]. However, some reports indicate 
that NO3- ions also negatively affect the process of degradation of organics in water 
as they can scavenge reactive oxygen species [67].  The effects of NO3- ion on the 
degradation of BPA was investigated using environmentally relevant concentrations 
(0.05 mM, 0.1 mM, 0.5 mM, and 1.0 mM) using 0.2 g/L photocatalyst dosage and 5 
mg/L BPA solution with a pH of 6.5. The results in Figure 4.14 showed the presence 
of nitrate ions in the BPA solution greatly influenced the degradation efficiency.  
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Figure 4. 14: Effect of NO3
- ion concentration on the photodegradation of BPA 
by PANI-TiO2. 
The removal efficiency increased with an increase in the concentration of nitrates. 
The increase in degradation rate was due to the ability of NO3- ions to induce the 
production of OH. radicals according to equations 5-7 [66, 68]. 
                                           𝑁𝑂3
− + ℎ𝑣 →  [ 𝑁𝑂3
−]*   → 𝑂𝑂𝑁𝑂−                      4.5 
                                           [𝑁𝑂3
−]*   →  𝑁𝑂2
− + 𝑂(3P)          4.6 
                             [𝑁𝑂3
−]*→ 𝑁𝑂2
∗ + O* + H2O →𝑁𝑂2
∗ + *OH + OH-          4.7 
4.5.7 Effect of humic acid on the degradation of BPA 
Natural organic matter has been reported to have an influence in the fate of 
environmental organic contaminants. Guetzloff and Rice reported that the presence 
of humic acid resulted in an increase in the solubility of polycyclic aromatic 
hydrocarbon (PAH) [69]. On the other hand, Bo-Ra et al. reported that the presence 
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of humic acids (5 mg/L) reduced the degradation of BPA by up to 26% [70]. 
However, some reports also indicated that humic acids had no effect on degradation 
of organic pollutants [71]. In this study, the effect of humic acids in solution during 
degradation of BPA (5 mg/L) was investigated by adding 0 mg/L, 1 mg/L, 3 mg/L 
and 5 mg/L of humic acid. The results shown in Figure 4.15 show that the presence 
of humic acids in solution at different concentrations consistently inhibited the 
degradation of BPA.  
 
Figure 4. 15: Effect of humic acid concentration on the photodegradation of 
BPA by PANI-TiO2. 
The highest inhibition was observed with the addition of 5 mg/L. The inhibition was 
attributed to the blockage of the active sites by adsorbed humic acid on the PANI-
TiO2 photocatalyst [72]. Similarly, Li and Hu reported an inhibition of degradation of 
tetracycline in the presence of humic acid [73]. They concluded that humic acid 
quenched OH. radicals that are critical for the degradation process. 
 153 
 
 
4.5.8 By-products identification 
BPA was degraded using PANI-TiO2 and the intermediate products were identified 
using LC-MS. Samples were collected from the reactor at 0; 20; 60 and 120 mins of 
irradiation. They were filtered using a 0.45-µm filter discs. The HPLC 
chromatograms for BPA standard and the degradation products are shown in Figure 
16a. The retention time (tR) of BPA was shown to be at 4.4 mins which was 
evidenced by the single chromatogram in the samples for BPA standard and that at 
0 mins irradiation time. However, after irradiation, the peak due to the parent BPA 
reduced in size and completely disappeared with irradiation. Subsequently, new 
peaks appeared in chromatograms with tR at 1.0; 1.7; and 3.0 that were attributed 
to degradation products. 
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Figure 4. 16a: Chromatograms of BPA standard and samples after 0, 20, 60 
and 120 mins of irradiation. 
Figure 4.16b show the full mass spectra scans of the samples. The results show 
that BPA could be ionized in the positive mode producing a molecular ion 
abundance at m/z 229.1 which corresponded to the protonated BPA, [M+H]+. The 
results show that a fragment of BPA fragment with m/z of 213.1 was produced after 
20 minutes of irradiation [74]. This fragment could be attributed to the loss of a 
methyl group producing a carbocation, [C14H13O2+]. Another peak with m/z 135.1 
was produced, this was attributed to [C9H11O+] which was produced as a result of 
the cleavage of alkyl-phenyl bond and possible degradation of BPA [74].   
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Figure 4.16b. Mass spectra of BPA standard and samples after 0, 20, 60 and 
120 mins of irradiation. 
A peak observed at m/z 93.1 was attributed to the cleavage of two base phenolic 
molecules of BPA producing a fragment with formula, C6H5O. These degradation 
products were consistent with those reported in literature [74-76]. 
From the observed degradation products, a degradation pathway was proposed in 
Figure 4.17. 
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Figure 4. 17: Proposed degradation pathway for BPA using PANI-TiO2 under 
UV light. 
A fragment of BPA with m/z of 213.1 was formed by a loss of a methyl group from 
the parent BPA molecule. Another peak with m/z 135.1 was formed as a result of 
the cleavage of alkyl-phenyl bond. Cleavage of two base phenolic molecules of BPA 
producing a fragment with m/z 93.1. 
4.5.9 Proposed mechanism for BPA degradation 
Reactive species such as hydroxyl (OH.), superoxide (.O2-) and holes (h+) are 
responsible for the degradation process [77]. In a study, Brooms et al suggested a 
mechanism for the degradation of p-cresol by TiO2/ZnO/PANI [35]. The authors 
suggested that PANI played an active role in the degradation of p-cresol by 
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TiO2/ZnO/PANI  by transferring electrons to the conduction band of TiO2/ZnO and 
also trapped holes leading to charge separation [35].  In another study, Masid et al 
suggested the same mechanism when they used PANI-TiO2 to degrade a dye, 
reactive blue 4 [77]. However, there is no experimental data to support the 
suggested degradation mechanisms. In this study, we provide experimental data 
showing which reactive oxygen species were responsible for the degradation. 
Different scavengers of reactive species were added to the degradation solution and 
the degradation performance was evaluated after irradiation at optimized conditions. 
In this study, potassium iodide (KI) was used to scavenge positive holes [78]. Figure 
4.19 shows that only 30% degradation was achieved after the addition of potassium 
iodide (KI).  
 
Figure 4. 18: Photodegradation of 5 ppm BPA by PANI-TiO2 after addition of 
different reactive species scavengers under UV irradiation. 
This suggests that the positively charged holes were actively involved in the 
degradation of BPA. In the presence of benzoquinone (BQ) which was used as 
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scavenger for superoxide radicals [79], 48% degradation was achieved which is 
lower than 99.8% achieved in the absence of quenchers. This suggests that the 
superoxide radicals were also involved in the degradation of BPA although their 
involvement was not as dominant as the positive holes. In the presence of 10% 
volume isopropyl alcohol (IPA) which was used as a scavenger for hydroxyl radicals 
[76], a slight decrease in the degradation efficiency with an overall degradation of 
70% after 80 minutes of irradiation under UV light. This suggests that the hydroxyl 
radicals were not the dominant reactive species in the degradation of BPA by PANI-
TiO2. 
The mechanism for the degradation of BPA was therefore proposed to occur as 
shown in Figure 4.19.  
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Figure 4. 19: Proposed mechanism for the degradation of BPA using PANI-
TiO2. 
After absorbing UV light irradiation PANI can release electrons from the highest 
energy occupied molecular orbital (HOMO) into the lowest energy unoccupied 
molecular orbital (LUMO). PANI can transfer the photogenerated electron (e-) into 
the conduction band of the TiO2. The electrons were then scavenged by oxygen 
molecules forming superoxide that are highly oxidizing and they degraded BPA. 
Simultaneously, electrons might migrate from the VB of TiO2 to the HOMO of PANI 
leaving behind positive charged holes (h+). The positive holes might react with water 
in the moisture, forming hydroxyl radicals that are also highly oxidizing and they 
degraded BPA. 
4.5.10 Reuse of photocatalyst 
The re-use of photocatalysts reduce the cost of the degradation process. In this 
study, the PANI-TiO2 photocatalyst was separated from the BPA solution by vacuum 
filtration and re-used five times. The separated catalyst was washed with distilled 
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water and then with ethanol and dried in an oven at 60°C for 24 h. The weight loss 
was determined to be less than 5%. Figure 4.20 shows the degradation performance 
of the PANI-TiO2 after four runs. The results show that there was very little loss of 
efficiency by the catalyst.  
 
Figure 4. 20: Reuse of PANI-TiO2 for the degradation of BPA. 
PANI-TiO2 can be re-used at least five times degrading 5 ppm of BPA with a removal 
efficiency of at least 80% in 90 mins of irradiation under UV light. 
4.6 CONCLUSION 
PANI wrapped TiO2 nanorods were successfully synthesized by oxidative 
polymerization of aniline on hydrothermally pre-synthesized TiO2 nanorods. The 
photodegradation of BPA under UV radiation was investigated. The use of 
nanostructured TiO2 wrapped in PANI improved the photodegradation efficiency of 
the photocatalyst due to the synergistic effect of adsorption by PANI and 
photodegradation by TiO2. PANI effected charge separation and reduced the rate of 
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recombination. LC-MS analysis identified degradation products with m/z 213.1, 
135.1 and 93.1. In summary, we report, that the degradation of BPA using PANI-
TiO2 nanocomposite has the potential to help alleviate the threat of water 
contamination by BPA.  
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CHAPTER 5: 
 VISIBLE LIGHT PHOTODEGRADATION OF IBUPROFEN BY PANI CAPPED 
WO3@TiO2 NANOCOMPOSITE IN WATER 
5.0 INTRODUCTION 
Water is indispensable for life sustenance. In fact, water is imperative in ensuring 
food security, good public health, and the generation of energy for industrial growth 
[1, 2]. Due to the rapid growth in industrial activities and a surge in population 
growth, pressures on freshwater supply are increasing due to the mounting 
demands for the sustenance of industrial activities as well as agriculture. 
Furthermore, freshwater supply is further curbed by increasing pollution [3]. 
Emerging pollutants are among the key sources of water contamination [4-6]. In 
recent years, their presence in water sources has increased concerns due to 
potential adverse ecotoxicological effects [7]. Emerging pollutants are defined as a 
new class of pollutants without regulatory status and whose impact on the 
environment and human health is poorly understood [5]. Among the emerging 
pollutants, pharmaceuticals are of particular concern due to their massive 
production, usage as well as their biochemical activities [8]. Ibuprofen is one of these 
emerging pharmaceutical pollutants, which is widely applied as used non-steroidal 
drugs for the relief of pain and treatment of inflammations. It has since caused 
concerns due to its negative impacts on living organisms [9]. Its presence and its 
metabolites in water habitats implies a potential for indirect human exposure via 
drinking water supplies. Ibuprofen enters water bodies during the manufacturing 
process as pharmaceutical industrial waste, hospital waste, therapeutic drugs and 
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via faeces or urine [10, 11]. The reported presence of ibuprofen in the environment 
has raised alarms due to its reported endocrine disrupting activities. 
 
In order to meet the undeniable need for clean freshwater, water purification has 
become increasingly important for life. To date, various methods have been reported 
for the removal of pharmaceuticals from wastewater. These include adsorption, 
biological treatment, chemical oxidation, and advanced oxidation processes [12-14]. 
Amongst the advanced oxidation treatment methods, photocatalysis using 
semiconductor materials has been reported as an effective method for the 
elimination of pharmaceuticals from aqueous media. Photocatalysis is based on the 
ability of a semiconductor material to adsorb a photon of energy that is equal to or 
greater than its band gap energy [15]. This process results in the generation of 
charges that can be manipulated to degrade organic pollutants such as ibuprofen. 
Amongst the several photocatalysts that have been applied to degrade organic 
contaminants, TiO2 has shown great potential for water remediation due to its 
attractive properties such as strong oxidizing power, large surface area, corrosion 
resistance, non-toxicity, and cost effectiveness [16, 17]. However, its use has been 
limited due to the high recombination rate of charges. Pairing of TiO2 with low band 
gap semiconductors has been reported to greatly improve the separation of charges 
and improved the overall catalytic performance of the nanocomposites. For 
example, BiVO4/TiO2 particles synthesized via a combination of sol gel and 
hydrothermal techniques showed better performance in degrading gaseous 
benzene under ultraviolet radiation than pristine BiVO4 and TiO2 [18]. The 
improvement was attributed to charge separation due to the heterojunction 
nanocomposite. 
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More recently, surface modification of TiO2 with conducting polymers such as 
polyaniline (PANI) and polypyrrole (Ppy) has been reported to improve the 
performance of the photocatalyst by effecting charge separation. In a study, 
hierarchical 3D flowerlike TiO2/PANI photocatalysts synthesized via a simple sol−gel 
method showed improved photocatalytic degradation of methyl orange under UV 
radiation when compared to pristine TiO2 [19]. In another study, PPy–
TiO2 nanocomposites showed a better photocatalytic activity for the degradation of 
methyl orange than that of virgin TiO2 nanoparticles under sunlight. The authors 
attributed this improvement to the sensitizing effect of polypyrrole [20]. Hence in this 
study, the degradation of ibuprofen using a novel PANI capped WO3/TiO2 
nanocomposite under visible light radiation is reported. 
5.0 MATERIALS AND METHODS 
5.1.1 Reagents and instrumentation 
All chemicals used in present research were of AR grade. Titanium isopropoxide 
(TTIP), Isopropyl alcohol, acetic acid,  sodium hydroxide (NaOH), nitric acid (HNO3), 
Iron(III) chloride (FeCl3), aniline, Ibuprofen, Methanol (HPLC Grade), Acetonitrile 
(HPLC Grade), Sodium tungstate dihydate (Na2WO4.2H2O), ethylene glycol (E.G), 
hydrochloric acid, ethanol and acetone were acquired from Sigma Aldrich and used 
without further purification. Ultrapure water was obtained from a Merck water system 
(MiliQ). 
A Physical Electronics (PHI) Quantum 200 XPS spectrophotometer with Al Kα as 
the excitation source was used to measure the surface characterization and 
chemical states of materials. X-ray diffraction was carried out using a Philips, X”Pert 
PRO MPD X-ray diffractometer. The surface area, pore volume, and pore size were 
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determined using a Micromeritics ASAP 2020, Brunauer-Emmett-Teller analyzer 
(Norcross, USA). Raman spectra were taken using a WITec Confocal Raman 
Microscope. Ultraviolet−visible diffuse absorbance and reflectance spectra (DRS) 
were measured using a Shimadzu 1700 UV spectrophotometer. The morphology 
and elemental composition of materials was done by a VEGA3 TESCAN (Bruno, 
Czech Republic) scanning electron microscope. In-depth analysis of the morphology 
of materials was done using a JEOL JEM-2100 transmission electron microscopy 
(TEM) electron microscope (Peabody, Massachusetts, USA) and the images were 
collected by Gaitan Digital Imaging software. Thermogravimetric analysis (TGA), 
was conducted using a STA 7200RV HITACHI thermogravimetric analyzer. 
Photoluminescence measurements were performed using a Perkin Elmer LS45 
Fluorescence Spectrometer. The concentration of ibuprofen was measured using a 
1260 Infinity Agilent Technologies high performance liquid chromatography. 
5.1.2 Synthesis of WO3 nanocomposites 
WO3 nanosphere-like structures were synthesized using a solvothermal method. 
Typically, 0.05 mmol of sodium tungstate dihydrate was dissolved in a mixture of 
E.G and water in the ratio (1:2.5) under vigorous stirring at 75°C. 5 mL of HCl (12.0 
M) was slowly added to the solution under stirring resulting in a yellow precipitate. 
After aging for an hour at 75°C, the mixture was transferred to a teflon vessel and 
heated in an autoclave at 180°C for 12 hrs. After cooling, the yellow precipitate was 
washed with distilled water until ~pH 7. It was washed with ethanol, distilled and 
then dried in an oven at 60°C and then calcined at 450°C in a muffle furnace in air.    
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5.1.3 Synthesis of TiO2 nanorods 
TiO2 nanorods were synthesized using a hydrothermal method. Typically, 5 mL of 
TTIP was dissolved in a mixture of Isopropyl alcohol and water (5:3). The solution 
was poured into a 100 ml beaker and stirred. Concentrated acetic acid (6 mL) was 
added to the solution whilst stirring. The solution was stirred for 3 h. and heated to 
180°C in an autoclave for 24 hr. The solution was then cooled at room temperature 
and then washed with excess ethanol to yield a white precipitate. The precipitate 
was washed with distilled water until ~pH 7. The precipitate was then dried in an 
oven at 60°C and then calcined at 500°C in a muffle furnace in air producing TiO2 
nanoparticles. TiO2 nanoparticles were then dispersed in 10 M NaOH solution and 
stirred until homogeneity was achieved. The mixture was placed in a teflon lined 
autoclave and then heated to 180°C in an autoclave for 24 hr. The solution was then 
cooled at room temperature and then washed with dilute HNO3 and then with 
distilled water until ~ pH 7. The precipitate was then dried in an oven at 60°C and 
calcined at 500°C in a muffle furnace in air producing TiO2 nanorods. 
5.1.4 Synthesis of WO3@TiO2 nanocomposite 
WO3 nanosphere-like structures were grown on TiO2 nanorods following a two-step 
process. Typically, TiO2 nanorods (1 g) were dispersed in a 30 mL mixture of E.G 
and water in the ratio (1:2.5) under vigorous stirring at 75°C. Sodium tungstate 
dehydrate (0.3 g) was added to the beaker and 5 mL of HCl (12.0 M) was slowly 
added to the solution under stirring resulting in a yellow precipitate. After aging for 
an hour at 75°C, the mixture was transferred to a Teflon vessel and heated in an 
autoclave at 180°C for 12 h. After cooling, the yellowish white precipitate was 
washed with distilled water until ~pH 7. It was then washed with ethanol, distilled 
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and dried in an oven at 60°C and calcined at 450°C in a muffle furnace in air 
producing WO3/TiO2. 
5.1.5 Synthesis of PANI/WO3@TiO2 nanocomposite 
PANI/WO3@TiO2 nanocomposite was synthesized by dispersing the WO3@TiO2 
nanocomposite in 80 mL of water and 0.2 mL of aniline monomer was added 
followed by 6 g of FeCl3. The mixture was stirred for 5 min and aged for 24 hr without 
stirring. The mixture was then washed with acetone to remove unreacted oligomers 
followed by washing with distilled water until a ~pH 7. The product was then dried in 
an oven at 60°C for 24 hrs. 
5.2 CHARACTERIZATION TECHNIQUES 
A Shimadzu UV spectrophotometer was used to record the diffuse reflectance 
spectra (DRS) in the range of 190–900 nm. In the analysis potassium bromide (KBr) 
powder was used a reference. The functional groups of the materials were analyzed 
by Fourier transform infrared (FTIR) spectra were recorded from 400–4000 cm-1 
using KBr pellets. Surface area and porosity of the nanocomposites were analyzed 
using a Brunauer Emmett Teller (BET) surface area analyzer (ASAP 2020, 
Micromeritics Instruments, USA) using N2 adsorption and desorption isotherms. The 
structural properties were analyzed by X-ray diffraction (XRD) (Philips, X'Pert PRO 
MPD, mineral powder diffraction) analysis that was carried to investigate the 
crystallinity of the nanocomposite. The instrument uses an X-Ray source of Cu α- 
radiation beam with excitation wavelength of 0.15406 nm for the analysis. Raman 
spectra were collected from a Perkin Elmer Raman Microscope 200. The 
morphology of the materials were analyzed using a JEOL JEM-2100 transmission 
electron microscopy (TEM) and a scanning electron microscopy (SEM).  
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5.3 PHOTOCATALYTIC DEGRADATION STUDIES 
The photodegradation studies were carried out by dispersing 0.1 g of photocatalyst 
in 500 mL of 5 mg/L ibuprofen solution. The photodegradation activity was 
investigated as a function of time. The photocatalytic experiments were conducted 
in a reactor in which the samples were kept under agitation. In the experiments to 
determine the effect of the initial solution pH on the degradation of Ibuprofen, 0.1 M 
HCl or 0.1 M NaOH solutions were used to adjust the pH. The suspension was 
magnetically stirred in the dark for 30 min to ensure the adsorption equilibrium of 
Ibuprofen on the catalyst. The mixture was irradiated with a 250 W Xenon lamp. At 
varied time intervals, aliquots (10 mL) were removed from the sample and filtered 
through 0.45 µm membranes filter discs.  
Ibuprofen analysis was conducted using an Agilent high-performance liquid 
chromatography (HPLC).  The mobile phase was composed of a mixture of water 
adjusted to pH 2.5 with phosphoric acid and acetonitrile (40/60, v/v). A C18 
reversed-phase column (4.6 nm × 150 nm) was used for chromatographic analysis 
and elution time of 15 min, and a detector wavelength of 220 nm. All measurements 
of the ibuprofen degradation at different irradiation times were performed three times 
to confirm their reproducibility. The effect of pH was determined at pH 3.5, solution 
pH 5.8 and pH 9 using 0.1 g photocatalyst in 500 mL of 5 mg/L ibuprofen solution. 
Similarly, the effect of photocatalyst dosage was investigated for the 
photodegradation of ibuprofen by varying the mass of the photocatalyst from 10 mg 
to 250 mg in a 500 mL of 5 mg/L ibuprofen solution. The effect of initial ibuprofen 
concentration was investigated at different initial ibuprofen concentration from 1 ppm 
to 30 ppm. The presented data points are mean values. The removal efficiency of 
ibuprofen was calculated as follows: 
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% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
𝐶𝑖 − 𝐶𝑓
𝐶𝑖
𝑥 100                                                                  5.1 
where Ci (mg/L) is initial concentration of adsorbate in solution, Cf (mg/L) is the final 
concentration of adsorbate in the filtrate. 
5.4 CHARACTERIZATION OF THE PHOTOCATALYSTS 
5.4.1 FTIR analysis 
In the FTIR spectrum of pristine TiO2 (Figure 5.1) the broad absorption peak at  
700 cm−1 corresponds to Ti-O-Ti vibrational frequencies [21].   
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Figure 5. 1: FTIR spectra of pristine TiO2, pristine WO3, pristine PANI, 
WO3@TiO2, and PANI/WO3@TiO2. 
The strong absorption peak for pristine WO3 in the range 650–950 cm−1 is due to 
the stretching modes of O-W-O bonds. The peak at 1625 cm−1 is due to the W-O 
bending mode. The wide band in the region of 3200–3600 cm−1 is ascribed to the 
W-OH stretching [22]. FTIR spectroscopy analysis confirmed the incorporation of 
PANI into a nanocomposite of PANI/WO3@TiO2 as shown by the functional groups 
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of PANI that are present in the PANI/WO3@TiO2 nanocomposite. The main peaks 
of PANI were all confirmed in the spectra (b) with peaks appearing at 3662 cm-1, 
2955 cm-1,  
1577 cm-1, 1502 cm-1, 1250 cm-1 and 827 cm-1 [23-25].  The band at 3662 cm-1 
corresponds to the N-H stretching mode and the peak around 2955 cm-1 correspond 
to the aromatic C-H vibration [26]. The peaks appearing at 1577 cm-1 and 1502 cm-
1 are due the C=C and C=N stretch of the benzoid and quinoid respectively (Figure 
5.1). 
5.4.2 Raman analysis 
The Raman spectrum revealed that the anatase phase of TiO2 was synthesized as 
shown by the typical peaks of anatase TiO2 that appeared at 637 cm-1, 514 cm-1, 
396 cm-1 and 195 cm-1 [27, 28] as shown in Figure 5.2. 
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Figure 5. 2: Raman spectra of pristine WO3, pristine TiO2, pristine PANI, 
WO3@TiO2, and PANI/WO3@TiO2. 
In the pristine WO3, the peaks at 272 cm−1 and 326 cm−1 relate to the bending 
vibration of W-O-W bond [22, 29]. The peak at wave number of 717 cm−1 correspond 
to O-W-O vibration, whilst the one at 807 cm−1 corresponds to the crystalline WO3 
stretching vibration of the bending oxygen of W-O-W [22].  These peaks are typical 
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vibrational modes of monoclinic WO3 that typically appear at 717 cm−1 and 807 cm−1 
[30]. Raman spectroscopic analysis also confirmed that the TiO2 anatase phase and 
the monoclinic WO3 were not compromised by the incorporation of PANI polymer. 
In addition, it confirmed the incorporation of PANI polymer in the PANI/WO3@TiO2 
nanocomposite as evidenced by the appearance of the D band and the G band at 
1603 cm-1 and 1505 cm-1 respectively that are typically associated with carbon 
based materials [31]. 
5.4.3 XRD analysis 
The photocatalysts were analyzed by powder XRD using Cu Kα radiation and 
identified based on diffraction patterns. XRD diffraction plots of the photocatalyst are 
shown in Figure 5.3.  
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Figure 5. 3: XRD diffraction plots of pristine TiO2, pristine PANI, pristine WO3, 
WO3@TiO2, and PANI/WO3@TiO2. 
The as-synthesized TiO2 photocatalyst showed the anatase phase according to 
JCPDS card No. 01-086-1157. The spectra of TiO2 had peaks at 2θ values of 
25.22°, 37.78°, 47.94°, 54.15°, 54.96°, and 62.69°, which were indexed to the (101), 
(004), (200), (211), (105), and (204) planes of TiO2. The diffraction peaks obtained 
from the as-synthesized WO3 were indexed to the monoclinic phase of WO3 
according to JCPDS card No. 04-005-4487. No peaks arising from other tungsten 
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compounds or other phases of WO3 were observed in the diffraction pattern of as-
synthesized WO3. This suggests a pure phase of WO3 was obtained after 
calcination. The overlapped 2θ = 26.75° can be indexed to the (020) plane of WO3 
and (101) plane of TiO2 and this represents successful incorporation of WO3 in TiO2. 
The crystallite size (D) for both TiO2 and WO3 were calculated using Debye–
Scherrer Equation (see Equation 5.2) with the values obtained to be 17.41 and 15.30 
nm, respectively. 
𝐷 =  
0.9λ 
𝛽 cos 𝜃
                                                                                     5.2 
However, the crystallite size for the nanocomposite could not be ascertained as 
these were two distinct phases. XRD analysis of as-synthesized PANI showed two 
broad peaks at 2θ=20.5° and 25.3°, This suggested an amorphous structure of the 
PANI and the results are in agreement with results that were obtained by Haldari et 
al [32]. 
5.4.4 BET analysis 
The specific surface area the pore volume and pore size of the materials were 
determined by BET analysis.  The N2 adsorption-desorption isotherms of the 
materials. BET results are shown in Figure 5.4.  
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Figure 5. 4: BET analysis plot for TiO2, WO3, WO3@TiO2, and WO3@TiO2-PANI. 
The surface area of the pristine WO3 and TiO2 samples were 14.0974 m2/g and 
27.7396 m2/g respectively compared to 31.1296 m2/g of WO3@TiO2 
nanocomposite. The results show that pairing up TiO2 and WO3 resulted in an 
improvement in the surface area of the resultant nanocomposite. Further 
improvement of the surface area was noted in the PANI/WO3@TiO2 nanocomposite. 
This improvement is attributed to the effect of PANI. However, the results show that 
the pore volume did not change much after incorporation of WO3 to TiO2 although 
there was a slight increase in the pore volume. There was no marked difference in 
pore volume after incorporation of PANI on the WO3@TiO2 nanocomposite. All the 
as-synthesized photocatalysts can be identified as Type IV isotherm with H4 type 
hysteresis loop according to the IUPAC-BET classification [33]. 
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5.4.5 Thermal gravimetric analysis 
Thermogravimetric analysis was carried out on materials to investigate their thermal 
stability. TGA profiles of TiO2, WO3, WO3@TiO2, and PANI/WO3@TiO2 
nanocomposite are shown in Figure 5.5.  
 
Figure 5. 5: Thermal profile for TiO2, WO3, WO3@TiO2, and WO3@TiO2-PANI. 
The TGA curve of pristine TiO2 and pristine WO3 samples only showed mass losses 
at 100°C, which was due to the release of absorbed water and another weight loss 
at around 320°C due to loss of crystalline water and formation of a WO3 phase [34]. 
The TGA curves of as WO3@TiO2 sample also showed mass losses around 100°C, 
which was attributed to loss of water [35]. Pristine TiO2, WO3 and WO3@TiO2 
photocatalyst samples showed remarkable thermal stability up to a 1000°C. 
PANI/WO3@TiO2 nanocomposite showed three weight losses. The first weight loss 
weight observed from 30°C to 200°C for the nanocomposite was due to the 
evaporation of adsorbed and bound water on the nanocomposite [36]. The weight 
loss observed between 200°C and 300°C was due to the breaking of polymer bonds 
whilst the weight loss up to 500°C was due to the degradation of the PANI polymer 
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composite [37, 38]. After 600°C, 35% weight residue were not decomposed. This 
residue may be due to oxides of WO3 and TiO2.  
5.4.6 SEM and EDS analysis 
SEM analysis showed that TiO2 rods of different sizes were formed as well as nano 
sphere-like WO3 (Figure 5.6). 
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Figure 5. 6: SEM images for (A) pristine TiO2 nanorods, B) pristine WO3 nano 
spheres, (C) WO3@TiO2 and EDS for PANI/WO3@TiO2. 
SEM micrograph of the WO3@TiO2 nanocomposite show nano sphere-like 
structures dispersed in rods. EDS analysis confirmed the elemental composition of 
the nanocomposite to consist of Ti, O, W and C. 
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5.4.7 TEM analysis 
TEM analysis of as-synthesized WO3 photocatalyst showed that the nano sphere-
like structures disintegrated in ethanol during preparation for TEM analysis.  
 
Figure 5. 7: TEM images for pristine WO3 nanoflowers, pristine TiO2 nanorods, 
WO3@TiO2, PANI/WO3@TiO2 and EDS of WO3@TiO2, PANI/WO3@TiO2. 
TEM images of as-synthesized TiO2 showed rods of different size with diameters of 
between 30-100 nm. The analysis of WO3@TiO2 showed that a heterojunction was 
formed with WO3 sitting on TiO2. TEM analysis of as-synthesized PANI/WO3@TiO2 
photocatalyst showed nano sphere-like structures of WO3 sitting on TiO2 nanorods 
and a layer of PANI covering them (Figure 5.7). EDS analysis confirmed the 
elemental composition of the nanocomposite to consist of Ti, O, W and C. 
 191 
 
5.4.8 UV-Vis -DRS 
The optical properties of the as–prepared photocatalysts and nanocomposites was 
evaluated using the UV–Vis spectrophotometer. Figure 5.8a show that UV 
absorbance of PANI has two absorption peaks at 268 and 395 nm which were 
ascribed to a π−π transition of the benzenoid rings and charge transfer from the 
benzenoid to the quinoid, respectively [39]. The spectra of pristine TiO2 was also 
measured and showed an absorbance band edge at 385 nm.  
 
Figure 5. 8: (A) UV-Vis DRS and (B) Tauc`s plot of pristine TiO2, pristine WO3 
and WO3@TiO2. 
The absorption edge of the as synthesized WO3 was observed around 455 nm A 
noticeable shift in the absorption edge towards the visible-light region (𝜆 > 400 nm) 
was observed for the WO3@TiO2 nanocomposite. The shift in the band edge of 
WO3@TiO2nanocomposite was attributed to the effect of WO3, which has its 
absorption band edge at a high wavelength. The absorption edges of 
WO3@TiO2was around 460 nm, which is in agreement with as-synthesized WO3. 
The absorption of as-synthesized PANI was higher than that of as-synthesized TiO2 
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and WO3. The wrapping of the WO3@TiO2 nanocomposite with PANI improved the 
absorption properties of the nanocomposite as shown in the absorption spectra of 
PANI/WO3@TiO2. However, the absorption edge of PANI/WO3@TiO2 was reduced 
to 420 nm after incorporation of PANI. Figure 5.8 shows a band gap of WO3@TiO2 
nanocomposite to be estimated at 3.05 eV that is lower than the optical band gap of 
TiO2 (3.22 eV). The reduction in the band gap of the TiO2 based nanocomposite 
was attributed to be due to the effect of WO3 photocatalyst that has an estimated 
band gap of 2.63 eV. The estimated band gap of as-synthesized WO3 is in 
agreement with what has been reported in literature [40].  
5.4.9 Photoluminescence analysis  
The charge separation transfer of the photocatalyst samples were investigated 
using photoluminescence spectroscopy (PL). PL analysis reveals the migration of 
charges (electrons and holes) and the formation of defects in the photocatalyst [41]. 
This helps in understanding the recombination behavior of charges at the surface of 
the photocatalyst. Figure 5.9 shows results of emission of the materials at 530 nm 
for all photocatalyst materials. 
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Figure 5. 9: PL emission spectra of pristine TiO2, pristine WO3, WO3@TiO2, and 
PANI/WO3@TiO2.  
The charge separation at the surface of a semiconductor material influences the 
performance of the photocatalyst. The results show that the intensities of both 
pristine TiO2 and WO3 is higher than of the nanocomposite of WO3@TiO2 and 
WO3@TiO2/PANI. The results show that the incorporation of PANI greatly improved 
the performance of the nanocomposite by reducing the recombination rate of the 
nanocomposite. This is attributed to the ability of PANI to effect charge separation 
due to its conductivity property [26]. The results are in agreement with the absorption 
analysis, which showed that PANI has a stronger absorption than either TiO2 or 
WO3. 
5.4.10 X-Ray Photoelectron Spectroscopy 
To investigate the surface composition and chemical states of the elements in the 
sample, XPS spectra of PANI/WO3@TiO2 nanocomposite was examined by X-ray 
 194 
 
photoelectron spectroscopy (XPS). Figure 5.10 a represents XPS survey scan of 
PANI/WO3@TiO2 nanocomposite which revealed the presence of W, C, O, Ti, and 
N. Their corresponding photo electron peaks were found to be W4f, W4d, C1s, N1s, 
O 1s, and Ti 2p.  
 
Figure 5. 10 (a): XPS survey scan for PANI/WO3@TiO2. 
Figure 5.10b show peaks at 36.2 eV and 38.2 eV corresponding to the typical 
binding energies of W6+ oxidation (W 4f7/2 and W 4f5/2 respectively) [42, 43] .There 
are two peaks at 248.06 eV and 260.57 eV are shown in Figure 5.10c and were 
ascribed to W 4d5/2 and W d3/2 respectively [44].   
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Figure 5.10 b: Core level XPS spectra for (b) W 4f, (c) W 4d,  (d) C 1s, (e) N 1s, 
(f) Ti 2p  and (g) O 1s of PANI/WO3@TiO2. 
Figure 5.10d reveal a peak at 284.75 eV which was assigned to carbon from the 
PANI polymer [45]. Figure 5.10e shows a peak at 399.6 eV which was ascribed to 
N 1s from PANI [45].Core level spectra of Ti 2p is shown in Figure 5.10 f at 459.2 
eV and 464.9 eV due to Ti 2p1/2 and Ti 2p3/2 respectively [46, 47]. A peak due to the 
core level O 1s spectra of O bonds such as O-W-O, Ti−O−Ti, and Ti−O−H appeared 
at 530 eV  [39] [48] (Figure 5.10). 
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5.5 APPLICATION 
5.5.1 Catalyst selection 
The photocatalytic degradation of ibuprofen was investigated using as-synthesized 
TiO2, WO3, WO3@TiO2, and PANI/ WO3@TiO2 catalysts at solution pH 5.8 and the 
results are shown in Figure 5.11. 
 
Figure 5. 11: Degradation performance of pristine TiO2, pristine WO3, 
WO3@TiO2 and PANI/ WO3@TiO2 on ibuprofen. 
The results show that PANI/WO3@TiO2 had the best degradation performance with 
a degradation of 99.8% after 120 mins of visible light irradiation. The results revealed 
that WO3@TiO2 had 90% degradation efficiency compared to 50% and 46.5% for 
pristine TiO2 and WO3 respectively. The improvement was attributed to charge 
separation in the WO3@TiO2 heterojunction. Yan et al. also reported similar 
improvements. The authors reported an enhanced degradation by a CdS/CoWO4 
heterojunction photocatalyst when they degraded methylene blue (MB) under visible 
light irradiation compared to pristine CdS and CoWO4 [49]. 
 197 
 
The results show that 99.8% degradation was achieved by PANI/WO3@TiO2 after 
irradiation for the same time. This was a higher degradation percentage compared 
to the 90% attained by WO3@TiO2. This improvement was attributed to the 
adsorption by PANI, which has been reported to be adsorptive towards organics 
[50]. Furthermore, PANI has an ability to effect charge separation that can improve 
the performance of a photocatalyst.  The results show that ~ 10% ibuprofen was 
removed in the dark and this was attributed to adsorption on the surface of 
PANI/WO3@TiO2 that was mainly covered by PANI. This was in agreement with 
findings by Kavil et al when polyaniline-black anatase titania (PANI-BAT) 
nanocomposite was used to degrade methyl orange [51]. The authors suggested 
that the high degradation by PANI-BAT was due to the ability of PANI to effect 
charge separation in the nanocomposite. PANI/WO3@TiO2 was used as a catalyst 
of choice for the rest of the experiments to investigate other parameters. 
5.5.2 Effect of pH on the degradation of ibuprofen 
The degradation of ibuprofen at pH 3.5, 5.8 and 9 was investigated. The effects of 
these respective pH conditions were studied using a dosage of 0.2 g/L and ibuprofen 
concentration of 5 mg/L. Figure 5.12 shows the effect of pH on the degradation of 
ibuprofen by PANI/WO3@TiO2 nanocomposite at pH values, 3.5; solution pH 5.8 
and 9. The degradation of ibuprofen was greatly influenced by pH as shown in 
Figure 5. 12.  
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Figure 5. 12: Effect of pH on the degradation of ibuprofen. 
The reported point of zero charge for WO3, TiO2, and PANI are 4.7, 6.2 and 5.8 
respectively [52-54]. This implies that the surface of PANI/WO3@TiO2 was 
negatively charged in alkaline environment and positively charged in acidic 
solutions. On the other hand ibuprofen molecule, the substrate has a negative 
charge due to the hydroxyl molecules in its structure [55]. These surface properties 
influence the initial adsorption of ibuprofen on the photocatalysts. The results show 
that the higher the initial solution pH the higher the degradation with the highest 
degradation observed at initial solution pH of 9. The highest degradation was 
observed at initial solution pH 9 after 80 mins irradiation with a removal efficiency of 
up to 85.6% whilst the highest for initial solution pH 5.8 and 3.5 was 58.9% and 
41.4% respectively after the same time of irradiation. In solution, ibuprofen exists in 
ionic form and molecular form and the lower degradation efficiency at low pH i.e. 3.5 
was due to the fact that the molecular form of ibuprofen was dominant in solution 
[56]. This implies that the pH was lower than the pKa [57]. At higher pH of 9, 
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ibuprofen existed in anionic form and this was more susceptible to degradation. 
These results are in agreement to a study carried out by Choina et al who observed 
a similar trend when degrading ibuprofen with TiO2 at pH 3, 7 and 9 [58]. They 
observed the highest degradation at ibuprofen solution pH 9 and the lowest at 
solution pH 3. They concluded that the lower degradation at low pH was due to the 
protonation of TiO2 and the carboxyl group of ibuprofen and this resulted in 
electrostatic repulsion between the substrate and the catalyst surface [58]. In this 
study pH, 9 was used as the optimum pH for all the other experiments. 
5.5.3 Effect of photocatalyst dosage on the degradation of ibuprofen 
The degradation of ibuprofen was carried out using 10 mg, 20 mg, 50 mg, 100 mg 
and 250 mg at 5 mg/L ibuprofen solution pH 9. The results shown in Figure 5.13 
shows that the degradation increased greatly with an increase in the photocatalyst 
dosage from 10 mg-50 mg.  
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Figure 5. 13: Effect of photocatalyst dosage on the degradation of ibuprofen. 
The increase is attributed to an increase in the hydroxyl radicals that was produced 
due to an increase in the photocatalyst [59]. However, the results show that the 
degradation efficiency increased marginally with increase in photocatalyst dosage 
of 100 mg to 250 mg after 80 mins of irradiation. Therefore, a photocatalyst dosage 
of 100 mg was used for the rest of the experiments. The reduction in performance 
of the photocatalyst was attributed to light scattering due to aggregation of the 
photocatalyst particles [60, 61]. 
5.5.4 Effect of bicarbonate ion concentration on degradation of ibuprofen 
Bicarbonate anions may naturally exist in water sources as a result of the dissolution 
of carbon dioxide in water [62]. Their presence in water samples has been reported 
to influence the degradation of organics during the advanced oxidation processes 
due to their ability to quench radicals that are used in degradation processes [61, 
62]. However, various reports in literature indicate beneficial results due to their 
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presence in water during advanced oxidation processes [64, 65]. In this study, the 
effect of bicarbonate during degradation of ibuprofen were investigated. The results 
of this study show that bicarbonate ions greatly influence the degradation of 
ibuprofen (Figure 5.14).  
 
Figure 5. 14: Effect of bicarbonate ions concentration on the degradation of 5 
mg/L ibuprofen solution using 0.1 g/L PANI/WO3@TiO2 photocatalyst. 
The degradation rate was accelerated with an increase in concentration from 0.5 
mM to 5 mM. Interestingly, a further increase in NaHCO3 concentration to 10 mM, 
resulted in little effect on the degradation process. However, there was a slight 
increase in the degradation maximum up to 99.3% compared to the sample with 5 
mM NaHCO3 (98.4%). 
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5.5.5 Effect of persulfate ions concentrations on the degradation of ibuprofen 
Persulfate anions are well known oxidising agents for the degradation of organic 
pollutants using their reactive sulfate radicals. The redox potential of persulfate 
radical (SO4-.) is 2.6 V and can be utilized to oxidize organics. The sulfate radicals 
were generated according to Equation 5.3 [66]: 
𝑆2  𝑂8
2− +   ℎ𝑣 → 2 𝑆𝑂4
.−                                                           5.3 
In this study, different concentrations (0.5 mM-10 mM) were added to the 
degradation reaction and evaluated for the degradation of 5 mg/L ibuprofen solution. 
The results show that adding persulfate anions to the reaction mixture resulted in 
acceleration of the degradation rate of ibuprofen due to an increase in oxidation rate 
due to the SO4. (Figure 5.15).  
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Figure 5. 15: Effect of bicarbonate ions concentration on the degradation of 5 
mg/L ibuprofen solution using 0.1 g/L PANI/WO3@TiO2 photocatalyst. 
However, the rate of degradation reduced slightly at 10 mM persulfate 
concentration. This may be due to consumption of SO4-. radicals according to 
Equation 5.4 [67]. 
𝑆𝑂4
−. +  𝑆2𝑂8
2−  →   𝑆𝑂2
2− +  𝑆2𝑂8
−.                                                  5.4 
The slight reduction in the rate of reduction at 10 mM S2O82- concentration was also 
due to the quenching of OH. radicals by the excess S2O82- according to Equation 5.5 
[68]. 
𝑆2𝑂8
2− +  𝑂𝐻.  →  𝑆𝑂4
−. +  𝑆𝑂4
2− +  𝑂𝐻−                                           5.5 
5.5.6 Kinetics studies  
The kinetics of ibuprofen degradation by PANI/WO3@TiO2 was investigated using 
Langmuir-Hinshelwood (L-H), which is expressed by the pseudo-first order model 
Equation 5.6: [69- 70]  
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ln (
𝐶𝑜
𝐶𝑡
) =  𝐾𝑟𝐾𝑎𝑑𝑡 =  𝐾𝑎𝑝𝑝𝑡                                                                             5 6 
Where Kapp is the apparent rate constant of the pseudo-first order reaction (min-1), 
Co is the equilibrium of ibuprofen in the dark, Ct is the remaining concentration of 
ibuprofen at a certain irradiation time. Figure 5.16 shows the plot of ln (
𝐶𝑜
𝐶
) vs 
irradiation time for the photodegradation of ibuprofen over a concentration range of 
1 mg/L - 20 mg/L under optimal pH of 9 and a photocatalyst dosage of 0.1 g/L. In 
this study, the degradation rate for ibuprofen conformity to the L-H kinetic model as 
linearity of the plot of Kapp vs the initial concentration of ibuprofen had a linear 
relationship [71].  All the graphs showed good linear correlation (R2 > 0.98). 
Similar trend was observed when the kinetics of the degradation by as-synthesized 
TiO2, WO3, WO3@TiO2, and PANI/WO3@TiO2. The value of Kapp for the degradation 
of ibuprofen by WO3@TiO2 and PANI/WO3@TiO2 was 2.59 x 10-2 and 3.5 x 10-2 
respectively that were significantly higher than that of pristine TiO2 and WO3, which 
were 1.92 x10-2 and 1.78 x10-2 respectively.  
5.5.7 By-products identification 
Ibuprofen was degraded by PANI/WO3@TiO2 under visible light irradiation and the 
intermediates were identified using LC-MS. Samples were collected before 
irradiation, 20 min, 40 min and 60 min of irradiation with visible light. The samples 
were filtered using 0.45 µm filter discs. The chromatograms of ibuprofen standard 
and samples are shown in Figure 5.16a. These results show a clear peak due to 
ibuprofen in the standard sample and the sample before irradiation with a retention 
time (tR) of 5.2 mins (Figure 5.16a). However, after irradiation, the ibuprofen peak 
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reduced in size and new peaks were observed in the chromatograms with tR at 4.9; 
4.3, and 3.5. 
 
Figure 5. 16a: Chromatograms of ibuprofen standard and samples after 
irradiation with visible light. 
The corresponding mass spectra are show in Figure 5.16b.  
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Figure 5.16b: Mass spectra of ibuprofen standard and samples after 
irradiation with visible light. 
The parent ibuprofen (MW 206) was ionized and gave a fragment with m/z 207 
which was ascribed to ibuprofen positive ion [M + H] +. Product with m/z 179 was 
formed by loss of C2H5 after attack by reactive oxidative species (ROS). Product 
with m/z 163 was formed after loss of C3H5. Alternatively, product with m/z 163 was 
formed from the decarboxylation of the product with m/z 179. Similarly, product with 
m/z 150 was formed from the decarboxylation of product with m/z 164. Therefore, 
direct decarboxylation was the main degradation pathway of ibuprofen. 
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Figure 5.17: Proposed degradation pathway for ibuprofen using 
 PANI/ WO3@TiO2 under visible light. 
5.5.8 REUSABILITY OF PANI/ WO3@TIO2 
The recycling of photocatalysts reduce the cost of the degradation process. In this 
study, the reused PANI/WO3@TiO2 photocatalyst was separated from the ibuprofen 
solution by vacuum filtration. The separated catalyst was washed with distilled water 
and then with ethanol and dried in an oven at 60°C for 24 h. The PANI/WO3@TiO2  
was recycled four times after which the weight loss was determined and in our study 
it was ~ 5%. Figure 5.18 shows the degradation performance of the photocatalyst 
after four runs. The results show that there was very little loss of efficiency by the 
catalyst.  
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Figure 5. 18: Reusability of PANI/WO3@TiO2 for the degradation of ibuprofen. 
Therefore, the catalyst can be reused up to four cycles without losing much 
degradation ability. 
5.6 Conclusion 
A novel PANI capped WO3@TiO2 was successfully synthesized and applied for 
degradation of ibuprofen. The results of the study show that the rate of degradation 
is greatly influenced by higher pH and photocatalyst dosage of up to 50 mg. Pairing 
TiO2 with a lower bandgap semiconductor, WO3 extended the use of the 
nanocomposite into the visible light region of the solar spectrum. In addition, the 
performance of the photocatalyst was also improved due to improved charge 
separation provided by the heterojunction as shown in photoluminescence studies. 
The incorporation of PANI further improved the charge separation and the 
absorption ability of the photocatalyst. Bicarbonate and persulfate ions also had an 
influence in the degradation of ibuprofen. Degradation products with m/z 179 and 
163 were identified by LC-MS analysis. The PANI capped heterojunction of 
WO3@TiO2 can be reused up to four cycles without loss of degradation ability. 
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CHAPTER 6:  
ENHANCED DEGRADATION OF BPA IN WATER BY PANI SUPPORTED 
Ag/TiO2 NANOCOMPOSITE UNDER UV AND VISIBLE LIGHT 
6.0 INTRODUCTION 
The growth in human population and industrial activities has led to an increase in 
the presence of synthetic organic chemicals in water sources [1]. These synthetic 
compounds form part of a new class of contaminants commonly referred to as 
emerging pollutants [2]. Emerging pollutants are chemical substances that have no 
regulation, and are suspected to affect the environment or whose effects are 
unknown [3]. The presence of these emerging contaminants in surface and 
groundwater resources that are relied upon for drinking water presents a serious 
problem due to challenges in their removal during treatment processes. Among the 
emerging pollutants, Bisphenol A, a synthetic organic compound has been reported 
to be an endocrine disrupting compound that is responsible for a plethora of negative 
effects on human and animal health [4].  
In order to remove emerging pollutants from water habitats, different water treatment 
technologies have been applied. Among these technologies, advanced technologies 
have been utilized to a varying success to remove BPA from water sources. 
However, the use of these advanced processes has been met with challenges that 
have limited their use. For example, reverse osmosis is an efficient treatment 
technology for the removal of BPA and other emerging organic pollutants but its use 
has been limited because of the high cost of operation [5]. On the other hand, 
adsorption,  a technology which has been shown to be effective in removing BPA 
from water has recently been raising concerns due to secondary pollution from the 
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spent adsorbents [6]. Recently, advanced oxidation technologies, have consistently 
been reported to be an effective method to eliminate emerging organic contaminants 
from water [7-11]. Among the advanced oxidation processes, photocatalysis 
especially under solar radiation has been reported to be a cheap, efficient and green 
technology for environmental remediation [12, 13]. However, despite the success of 
photocatalysis as a ‘green’ technology, there have been challenges in expanding 
the optical absorption of semiconductors to the visible range of the solar spectrum 
and minimizing the recombination rate of photogenerated charges [14, 15]. Amongst 
the semiconductors, TiO2 has been widely applied due to its strong oxidizing power, 
large surface area, corrosion resistance, non-toxicity, and cost effectiveness [14, 
16]. 
The use of TiO2 photocatalysts for industrial applications has been limited due to 
high recombination rate and the fact that these are only photo responsive in the 
ultra-violet region [17, 18]. Different strategies toward improving these intrinsic 
limitations of TiO2 include doping with inorganic or metallic species or 
photosensitizing TiO2 with organic dyes [19-21]. Among the different techniques, 
doping with metals has been the most commonly applied method for reducing the 
recombination of charges and achieving visible light-driven photocatalysis by TiO2 
[22, 23]. Metal doping has largely been popular due to its simplicity, high efficiency, 
and easy synthetic route [22, 24]. Metal dopants have been reported to act as sinks 
for trapping electrons and holes thereby reducing the rate of recombination [23]. For 
example, Bi-doped TiO2  and Ni-TiO2 nanocomposites were reported to have better 
photo-catalytic performance in the degradation of ibuprofen compared to Degussa 
TiO2 due to charge separation effected by Bi and Ni respectively [25].  
 221 
 
Recently, surface modification of TiO2 with conducting polymers has attracted great 
attention [26-28]. This has been reported to greatly enhance the degradation 
performance due to improved charge separation. For example, TiO2/Nb2O5/PANI 
nanocomposite synthesized by a hydrothermal process and in-situ polymerization 
of PANI was shown to have better degradation properties than TiO2/Nb2O5 due to 
improved charge separation effected by PANI [29]. In another study, 3D porous 
PANI/TiO2–graphene hydrogel showed enhanced degradation of BPA under UV 
radiation due to improved photoresponse by PANI. PANI was chosen as a polymer 
because of its stability, facile synthesis in addition to its absorption properties for 
organics via π-π stacking [30]. Due to these desirable properties of PANI, TiO2, and 
nano Ag, we envision an enhanced degradation performance from the 
nanocomposite. 
Although there have been reports of Ag doped TiO2 nanocomposite as 
photocatalysts for organics, there are no reports on PANI supported Ag@TiO2 for 
the degradation of Bisphenol A under UV and visible light [31-33]. 
Based on the above consideration, in the present work, Ag@TiO2-PANI 
nanocomposite was prepared and applied for the degradation of BPA under UV 
radiation and visible irradiation. 
6.1 MATERIALS AND METHODS 
6.1.1 Reagents and instrumentation 
Aniline, silver nitrate (AgNO3,99%), titanium isopropoxide (TTIP), isopropyl alcohol, 
acetic acid,  sodium hydroxide (NaOH), nitric acid (HNO3), iron(III) chloride (FeCl3), 
Isopropyl alcohol, methanol (HPLC Grade), acetonitrile (HPLC Grade), hydrochloric 
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acid, potassium iodide, benzoquinone, ethanol and acetone were purchase from 
Sigma Aldrich and used without further purification. Ultrapure water was obtained 
from a Merck water system (MiliQ).  
UV−visible diffuse absorbance and reflectance spectra (DRS) were measured using 
a Shimadzu 1700 UV spectrophotometer. Raman spectra were recorded using a 
WITec Confocal Raman Microscope. X-ray diffraction was conducted using a 
Philips, X”Pert PRO MPD X-ray diffractometer. A Micromeritics ASAP 2020 surface 
area and porosity analyzer (Norcross, USA) was used for analysis of samples 
Brunauer-Emmett-Teller (BET). A VEGA3 TESCAN (Bruno, Czech Republic) 
scanning electron microscope was used for SEM and electron dispersive x-ray 
spectroscopy analysis. In-depth analysis of the morphology of materials was 
performed by a JEOL JEM-2100 transmission electron microscopy (TEM) electron 
microscope (Peabody, Massachusetts, USA). The images were collected on Gaitan 
Digital Imaging software. 
X-ray photoelectron spectroscopy (XPS) analysis was performed using a Physical 
Electronics (PHI) Quantum 200 XPS spectrophotometer with Al Kα as the excitation 
source.  Thermogravimetric analysis (TGA), was conducted using a STA 7200RV 
HITACHI thermogravimetric analyzer. Photoluminescence measurements were 
performed using a Perkin Elmer LS45 Fluorescence Spectrometer. 
6.1.2 Synthesis of PANI 
PANI was synthesized following a method reported in literature with slight 
modification [34].  In a typical synthesis, an oxidant, FeCl3 (6 g) was dissolved in 40 
mL of distilled water and 0.8 mL of aniline monomer was rapidly added to the oxidant 
solution under stirring. Distilled water (40 mL) was slowly added to the solution while 
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stirring for about five minutes and then left to stand for 12 hr producing a green 
product. The green product was washed with acetone to remove unreacted aniline 
monomers and then further washed with distilled water ~pH 7. The green product 
was filtered under vacuum and dried in an oven at 60°C. 
6.1.3 Synthesis of TiO2
 nanofibers 
The synthesis of TiO2 nanofibers was carried out using a microwave method. In a 
typical synthesis, TTIP (3 mL) was dissolved in a mixture of Isopropyl alcohol and 
water (5:3). The solution was poured into a 100 mL beaker and stirred. Concentrated 
acetic acid (6 mL) was added to the solution whilst stirring. The solution was stirred 
until homogeneous (~ 2hrs). NaOH pellets (6 g) were then added to the mixture 
slowly and stirred until they completely dissolved. The mixture in a beaker was 
covered with a watch glass and quickly transferred to a microwave at a power of 
200 W for 20 min. The white powder obtained was washed with deionised water and 
ethanol dried in air at 80°C for 24 h to remove water and excess ethanol.  The 
powders were then calcined at 500°C in a muffle furnace in air producing TiO2 
nanofibers. 
6.1.4 Synthesis of Ag@TiO2 nanocomposite 
Ag@TiO2 nanocomposite was synthesized in two steps. Typically 1 g TiO2 
nanofibers synthesized in section 6.1.3 were dispersed in 30 mL of ethanol solution. 
AgNO3 salt (10 mg) was added to the suspension and stirred for an hour in the dark. 
The mixture was then irradiated with a UV lamp for 10 min under stirring to photo-
reduce the Ag ions on the TiO2 nanofibers. The mixture was centrifuged and dried 
in an oven at 60°C whilst covered in a perforated aluminum foil. 
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6.1.5 Synthesis of Ag@TiO2-PANI nanocomposite 
Ag@TiO2-PANI nanocomposite was synthesized by dispersing a sample 
synthesized following the procedure outlined in section 2.4 in water and adding an 
aniline monomer and 3 g of FeCl3. The mixture was then irradiated with a UV lamp 
for 10 min under stirring. This was followed by washing with acetone to remove the 
unreacted aniline monomers. The greenish precipitate was then dried in an oven at 
60°C whilst covered in a perforated aluminum foil. 
6.2 PHOTOCATALYTIC DEGRADATION STUDIES 
The photodegradation activity of the as-synthesized catalysts was evaluated using  
5 mg/L BPA solution in a reactor under simulated solar and ultraviolet light. In the 
experiments, the mixture of the catalyst and BPA was magnetically stirred in the 
dark for 30 min to ensure the adsorption equilibrium of BPA on the catalyst. To 
investigate the performance of the catalyst under UV light a mercury lamp (400 W) 
was used. For performance evaluation under visible light, a halogen (500 W) lamp, 
was used at room temperature. In order to maintain constant temperature, cooled 
water was continuously circulated through the double-walled jacket of photo reactor.   
In a typical test, 0.2 g/L of the photocatalyst was dispersed in BPA solutions (5 
mg/L). At varied time intervals, aliquots (10 mL) were removed from the sample and 
filtered through 0.45 µm membranes filter discs. BPA analysis was conducted using 
an Agilent high-performance liquid chromatography (HPLC) using acetonitrile/water 
(40/60, v/v) as the mobile phase, an elution time of 15 min, and a detector wave-
length of 275 nm. A C18 reversed-phase column (4.6 nm × 150 nm) was used for 
chromatographic analysis. All measurements of the BPA degradation at different 
irradiation times were performed three times to confirm their reproducibility. The 
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presented data points are mean values. The removal efficiency of BPA was 
calculated as follows: 
% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
𝐶𝑖 − 𝐶𝑓
𝐶𝑖
𝑥 100                                                                  6.1 
where Ci (mg/L) is initial concentration of adsorbate in solution, Cf (mg/L) is the final 
concentration of adsorbate in the filtrate. 
6.3 CHARACTERIZATION OF THE PHOTOCATALYSTS 
6.3.1 Raman spectra analysis 
Figure 6.1 shows Raman spectra of as-prepared, PANI, TiO2, 2% Ag@TiO2 and 2% 
Ag@TiO2-PANI samples. 
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Figure 6.1: Raman spectra of pristine PANI, pristine TiO2, 2% Ag@TiO2 and 2% 
Ag@TiO2-PANI. 
The Raman spectra of PANI showed, two characteristic bands: D-band and G-band, 
which are observed at 1505 cm-1 and 1603 cm-1 respectively. The D-band and G-
band are found in carbonaceous materials [35]. The Raman scattering spectra of 
pristine TiO2 showed typical anatase peaks at 195, 396, 514 and 637 cm-1 [36]. This 
in agreement with XRD results (Figure 6.2). Raman spectra of Ag@TiO2 showed all 
peaks that appeared in pristine TiO2 and this showed that the incorporation of Ag 
did not alter the phase of the TiO2.  A peak at 951 cm-1 in the Ag@TiO2 sample was 
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due to the presence of Ag2O [37]. The spectra for Ag@TiO2-PANI nanocomposites 
showed both peaks corresponding to PANI as well as of anatase TiO2. 
6.3.2 XRD analysis 
Figure 6.2 shows results for XRD analysis carried out on photocatalysts. The XRD 
patterns revealed that the Ag nanoparticles, TiO2, Ag@TiO2, and Ag@TiO2-PANI 
nanocomposite were crystalline.   
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Figure 6.2: XRD plot of pristine PANI, pristine Ag, pristine TiO2, and Ag@TiO2-
PANI. 
The XRD analysis of PANI showed two broad peaks at 2θ=20.5° and 25.3° 
suggesting that PANI was amorphous [38]. This is in agreement with the XRD 
results that Mostafaei et al. reported for PANI. XRD patterns of nano Ag showed 
characteristic diffraction peaks at  2θ values of  38.45°, 46.35°, 64.75° and 
78.05°  which corresponds to the planes of [1 1 1], [2 0 0], [2 2 0] and [3 1 1] 
respectively [39]. Analysis of TiO2 resulted in peaks corresponding to the 2θ values 
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of 25.22°, 37.78°, 47.94°, 54.15°, 54.96°, and 62.69° which were indexed to the 
[101], [004], [200], [211], [105], and [204] planes of TiO2, which corresponded to the 
standard pattern of the anatase phase (JCPDS card No. 01-086-1157) [40]. From 
the XRD patterns, a slight shift of the plane 101 peak in the Ag@TiO2 and Ag@TiO2-
PANI samples was observed. This shift to lower 2θ values indicate that the Ag doped 
samples were in a state of uniform compressive stress as explained by  Parangusan 
et al.[41]. In addition, the intensity of the diffraction peaks decreased. This may be 
attributed to the lattice disorder of TiO2 by Ag ions similarly observed by Roy et al. 
when they doped SnO2 nanocrystals with Co [41, 42].  
The crystallite sizes were estimated using Debye–Scherrer equation (see Equation 
6.2) and estimated by using the full width at half maxima of the XRD peaks [43]. 
𝐷 =  
0.89λ 
𝑡 cos 𝜃
                                                                                     6.2 
where K is the grain shape factor (0.89 for spherical),  
λ is the wavelength of CuKα (1.5406 Å) and 
t is the thickness of the crystal and θ is the Bragg`s angle. 
The average crystallite size of anatase TiO2 and Ag were calculated to be 17.5 nm 
and 8.23 nm. 
6.3.4 BET analysis 
Figure 6.3 shows the nitrogen adsorption isotherm (BET) of as-synthesized 
photocatalysts. 
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Figure 6.3: BET plot of pristine TiO2 and 2% Ag@TiO2 and 2% Ag@TiO2-PANI. 
BET analysis showed that doping TiO2 with Ag greatly increased the surface area 
from 24.5 m2/g for pristine TiO2 to 63.5 m2/g of the nanocomposite. However, the 
surface area of 2% Ag@TiO2 reduced to 52.5 m2/g after wrapping the 2% Ag@TiO2 
nanocomposite in PANI. This is understandable as the polymer compacted the 
nanofibers and Ag nanoparticles, which resulted in a dense nanocomposite. The 
results shown in Figure 6.3 illustrates that all the as-synthesized photocatalysts can 
be identified as  Type IV isotherms with H4 type hysteresis loop according to the 
IUPAC-BET classification [44]. This signifies the presence of mesoporous structure 
in the photocatalysts [44]. 
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6.3.5 SEM analysis 
SEM micrographs showed that nanofibers of TiO2 were prepared with different 
diameters. The morphology of the nanofibers did not change on attaching  
Ag nanoparticles on them. However, the TiO2 nanofibers agglomerated together on 
wrapping them with PANI as shown in Figure 6.4a. 
 
Figure 6.4a: SEM images of pristine TiO2 and 2% Ag@TiO2 and EDS of 2% 
Ag@TiO2-PANI. 
As seen in the mapping images (Figure  6.4b) the nanocomposites was 
predominantly composed of Ti, C, O, and Ag that were homogeneously distributed 
in the nanocomposite. 
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Figure 6.4b: Mapping image area of 2% Ag@TiO2-PANI. 
These results corroborated with results obtained for EDS analysis shown in Figure 
6.4a.  
6.3.6 TEM analysis 
TEM images of pristine TiO2 nanorods, Ag@TiO2 and Ag@TiO2-PANI were shown 
in Figure 6.5.  
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Figure 6.5: TEM images of pristine TiO2, Ag@TiO2, and Ag@TiO2-PANI. 
The results showed that the pristine TiO2 nanorods were successfully synthesized. 
The TEM images showed uniformly dispersed TiO2 nanorods of different sizes. The 
TEM images also showed minimal agglomeration of the TiO2 nanoparticles. 
Agglomeration is not ideal in a photocatalyst as it will affect the absorption of light 
and hence the photodegradation efficiency in the nanocomposite or the 
photocatalyst. TEM image of Ag@TiO2 show Ag nanoparticles of different sizes on 
the surface of TiO2 nanorods. A layer of PANI covered the TiO2 nanorods as 
revealed by the TEM images shown in Figure 6.5.  
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6.3.7 Band gap estimation for pristine TiO2 nanorods and Ag doped TiO2 
Figure 6.6a shows the UV absorbance of PANI with two absorption peaks at 268 
and 395 nm which were ascribed to a π−π transition of the benzenoid rings and 
charge transfer from the benzenoid to the quinoid, respectively [45].  
 
Figure 6.6: (a) UV DRS of pristine PANI, (b) UV DRS of TiO2, 2% Ag@TO2, 2% 
Ag@TO2-PANI and (c) Tauc`s plot of pristine. 
Figure 6.6b shows that the incorporation of Ag on the TiO2 surface greatly influenced 
the surface properties of the nanocomposite with changes in the optical properties 
in the region of 400–500 nm that can be attributed to the surface plasmon resonance 
effect [46]. The band gap of pristine TiO2 nanorods was shown to be about 3.2 e.V. 
This is in agreement with reported band gap for anatase TiO2 [47]. This is in perfect 
sync with XRD results that were reported earlier. The results shown in Figure 6b 
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show that the band gap decreased to 3.0 e.V after loading Ag on the surface of TiO2. 
The modification of band gap is essentially due to the interaction between the Ag 
and TiO2 nanoparticles. Ag nanoparticles influence the band gap of the 
nanocomposite by creating of trap levels for electrons between the conduction 
bands and valence bands of TiO2. The loading of Ag nanoparticles on TiO2 results 
in the synergetic interaction of the Ag nanoparticles on the TiO2 surface, surface 
plasmon resonance effect, reduction of the band gap, and enhancement of the 
charge transfer process [48]. This is in agreement with the findings of other 
researchers [49]. 
6.3.8 Thermogravimetric analysis 
TGA was used to study the thermal stability of the photocatalysts. The results of the 
thermal profiles of as-synthesized photocatalysts are shown in Figure 6.7.  
 
Figure 6.7: Thermal profile for TiO2, 2% Ag@TiO2, and 2% Ag@TiO2-PANI. 
The results showed similar weight loss up to 100oC in TiO2 and Ag@TiO2. This 
weight loss was due to loss of water molecules in the catalysts [45].  Ag@TiO2-PANI 
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nanocomposite had three major stages of weight losses. The first weight loss until 
∼150°C was due to the loss of water and other volatile impurities in the 
nanocomposite. The weight loss at 400°C is due to structural decomposition of the 
PANI whilst above 450°C there was degradation of oligomers in the nanocomposite 
[50]. The third loss above 500°C was due to the loss of PANI. The residue that 
remained above 550°C was due to Ag@TiO2. 
6.3.9 X-Ray Photoelectron spectrometry 
XPS was used to investigate the surface composition and the chemical states of the 
elements of Ag@TiO2-PANI nanocomposite. Figure 6.8a shows the X-ray survey 
scan of Ag@TiO2-PANI which showed that the nanocomposite was composed of 
Ag, C, N, Ti and O elements with photo-electron peaks Ag 3d, C 1s, N 1s, Ti 2p, and 
O 1s respectively.  
 
 237 
 
Figure 6.8 (a) XPS survey scan for Ag@TiO2-PANI nanocomposite. 
A peak at 284.75 eV shown in Figure 6.8b was assigned to carbon from the PANI 
polymer [51]. Figure 6.8c shows a peak at 367.1 eV and 373.1 eV that were 
assigned to 3d5/2 and 3d3/2 respectively [52]. Figure 6.8d shows a peak at 399.6 
eV which was ascribed to N 1s from PANI [51]. Core level spectra of Ti 2p is shown 
in Figure 6.8e at 459.2 eV and 464.9 eV due to Ti 2p1/2 and Ti 2p3/2 respectively 
[53]. 
 
 238 
 
Figure 6.8: Core level XPS spectra for (b) C 1s, (c) Ag 3d, (d) N 1s (e) Ti 2p and 
(f) O 1s of 2%Ag@TiO2-PANI nanocomposite. 
6.3.10 Photoluminescence  
Photoluminescence (PL) intensity is widely reported to indicate the recombination 
of charges in a semiconductor material [54]. Low PL intensity indicates low 
recombination rate of electron and holes. This presents a better chance of charge 
transfer by charge carriers. PL intensity can be manipulated by doping of 
semiconductor materials [55]. In this study, the PL spectra of materials was 
measured at excitation wavelength of 351.8 nm. As shown in Figure 6.9, 2% 
Ag@TiO2-PANI nanocomposite has the lowest PL intensity compared to TiO2, PANI 
and 2% Ag@TiO2. Furthermore, the results revealed that modification of TiO2 with 
PANI and Ag nanoparticles reduced the intensity of the PL.  
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Figure 6.9: PL spectra of TiO2, PANI, 2% Ag@TiO2, and 2% Ag@TiO2-PANI at 
an excitation wavelength of 351.8 nm. 
This indicates that 2% Ag@TiO2-PANI has the lowest recombination rate of charges. 
Therefore, it presents a better efficiency as a photocatalyst. The incorporation of 
PANI resulted in charge separation which occurred by transfer of electrons to the 
conduction band of TiO2 and trapping of holes by PANI. 
6.4 PHOTODEGRADATION OF BPA 
6.4.1 Catalyst selection 
The photocatalytic degradation of BPA was investigated using different catalysts at 
solution pH 6.5. The results are shown in Figure 6.10. 
 
Figure 6.10: Degradation performance of Ag-loaded TiO2 catalysts on BPA. 
The photocatalytic degradation of 5 mg/L of BPA was investigated using different 
catalysts at solution pH 6.5. The results are shown in Figure 6.10. The results show 
an improvement in catalyst performance with Ag loading. The highest BPA removal 
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percentage was achieved with 3% Ag@TiO2 which removed 81.4% compared to 
62.2% by pristine TiO2 and 67.6% by 1% Ag@TiO2 after 120 mins of visible light 
irradiation. The improvement in removal was attributed to the ability of Ag 
nanometals to effect charge separation by scavenging electron in the conduction 
band of TiO2 thereby improving its photocalytic properties [56]. However, there was 
little difference in the removal percentage between 3% Ag@TiO2 and 2% Ag@TiO2 
which had a removal of 82.5%. Therefore, a 2% Ag@TiO2 was chosen for further 
modification with PANI. 
Figure 6.11 show results of the performance of different Ag loaded TiO2 
photocatalyst and 2% Ag@TiO2-PANI nanocomposite in the removal of 5 mg/L BPA.  
 
Figure 6.11: Degradation performance of different catalyst on BPA. 
The results showed that incorporation of PANI in the 2% Ag@TiO2 nanocomposite 
enhanced the degradation performance further with removal of up to 99.7% under 
visible light irradiation. The improvement was attributed to PANI`s ability to effect 
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charge separation in addition to its ability to adsorb organics and facilitate their 
degradation by a semiconductor such as TiO2 [26, 28, 29]. 
6.4.2 Comparison of BPA degradation under UV and solar light source 
The photodegradation of BPA solution by as-synthesized TiO2, 2% Ag@TiO2 and 
2% Ag@TiO2-PANI was carried out under UV and visible light at room temperature.  
Figure 6.12 (a) shows the degradation performance of TiO2, Ag@TiO2, Ag@TiO2-
PANI, and photolysis. Pristine TiO2 degraded 60% BPA in 70 mins under UV light 
irradiation. The addition of Ag nanoparticles to TiO2 resulted in a 99.4% degradation 
efficiency within 60 mins by the 2% Ag@TiO2 nanocomposite. The enhanced 
degradation by Ag@TiO2 can be attributed to the plasmonic effect of Ag 
nanoparticles [57, 58]. The incorporation of PANI to 2% Ag@TiO2 further resulted in 
slight acceleration of the degradation of BPA with 99.5% attained within 55 mins of 
UV irradiation. This was ascribed to improved charge separation effected by PANI 
in addition to the plasmonic effect of Ag [58, 59].  
 
Figure 6.12: Degradation of BPA under (a) UV and (b) visible light.  
Figure 6.12 (b) shows the degradation performance of the catalysts under visible 
light irradiation. The results show that the degradation of BPA took longer to achieve 
maximum degradation under visible light than under UV light. As-synthesized TiO2 
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photocatalyst had the lowest removal efficiency of the catalysts used with a removal 
percentage of 60% over 110 mins of visible light irradiation. There was a marked 
removal performance by 2% Ag@TiO2 nanocomposite with a removal of 95.8% in 
the same time under visible light irradiation. The improvement was due to the 
plasmonic influence of Ag nanoparticles.  Likewise, an improvement in the 
performance of 2% Ag@TiO2-PANI nanocomposite was noted under visible light 
irradiation with a removal percentage of 99.7% attained in 110 mins. The 
improvement was attributed to a combined effect of plasmonic effect of Ag 
nanoparticles, the charge separation effected by PANI [26, 59]. In addition, PANI 
adsorbs organics such as BPA allowing them more contact time with TiO2 for 
degradation.     
6.4.3 Kinetics 
For a better understanding of the photocatalytic efficiency of the as-synthesized 
photocatalysts, the kinetic analysis of BPA degradation was investigated under 
ultra-visible light and visible light irradiation. The pseudo-first  kinetic model can be 
used to describe the degradation of BPA and is by the expressed by Langmuir-
Hinshelwood relation shown in Equation 6.3: [60] 
−𝑑𝑐
𝑑𝑡
= 𝑘𝑟
𝐾𝑐
1 + 𝐾𝑐
                                                     6.3  
where (−dC/dt) is the rate of degradation of BPA, C is the concentration of BPA, t is 
the reaction time, kr is a reaction rate constant, and K is the adsorption coefficient 
of the reactants. The results of the Langmuir-Hinshelwood kinetic model are shown 
in Figure 6.13. Figure 6.13(a) shows the kinetics under UV radiation and Figure 
6.13(b) shows the kinetics under visible radiation.  
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Figure 6.13: ln (C/Co) vs time under (a) UV and (b) visible irradiation. 
The results in Figure 6.13 suggests that the degradation of BPA follow the L-H 
kinetic model with good linear relationship (R2> 0.99). The value of kr for the 
degradation of BPA under UV light irradiation by 2% Ag@TiO2 and 2% Ag@TiO2-
PANI was 2.8 X 10-2 min-1 and 3.4 X 10-2 min-1 respectively compared to 1.96 X  
10-2 min-1 by pristine TiO2. The values of kr were slightly lower under visible radiation 
but still showed the same increase after modification of TiO2 with values of 2.3 X 10-
2 min-1 and 2.85 X10-2 min-1 for 2% Ag@TiO2 and 2% Ag@TiO2-PANI compared to 
1.78 X 10-2 min-1 of pristine TiO2. 
Table 6.1 shows a brief comparison of the degradation of BPA by different catalyst. 
It can be noted that the removal of BPA by 2% Ag@TiO2-PANI is higher than the 
catalyst reported in literature. In addition, 2% Ag@TiO2-PANI can be utilized under 
both UV and visible light with a degradation of at least 99.5%. 
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Table 6.1: Comparative results obtained for BPA degradation 
Degradation 
system 
Reaction 
conditions 
Observations Reference 
 
2% N,B-TiO2 
1 µM 
50 mL 
0.5 g/L catalyst 
Visible light 
79% degradation 
after 120 min 
[61] 
 
Vanadium-
Titanate-Magnetite 
(VTM) 
50 mg/L 
12g/L catalyst 
Visible light 
90% degradation, 
120 min 
[62] 
 
Co3O4/Mxene 
20 mg/L 
0.1g/L catalyst 
Visible light 
95% degradation, 
20 min 
[63] 
 
Mn1.8Fe1.2O4 
10 mg/L 
0.1g/L catalyst 
Visible light 
95% degradation, 
30 mins 
[63] 
 
Pulsed discharged 
plasma activated 
carbon 
4 g 
4 /min gas flow 
rate 
100 mL/min BPA 
flow rate 
95.3%, 
60 mins 
 
[64] 
 
Ag@TiO2-PANI 
5 mg/L 
0.2g/L 
500 mL 
Visible light 
and UV light 
99.7%(Visible 
light), 120 mins 
 
99.5% (UV light, 
60 mins) 
In this study 
 
6.4.4 Possible mechanism for BPA degradation 
Reactive species such as hydroxyl (OH.), superoxide (.O2-) and holes (h+) are strong 
oxidizing agents that have been widely reported to degrade organic pollutants [65, 
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66]. In this study, the investigation of the reactive species that were involved in the 
degradation of BPA by 2% Ag@TiO2-PANI was carried out by using different 
scavengers for specific reactive species under visible light. The study was 
conducted by adding 1 mL of either 10 mM potassium iodide (KI), 10 mM of 
benzoquinone (BQ) or 10% isopropyl alcohol (IPA) to 500 mL reaction solution. 
Figure 6.14 show that very little degradation was achieved after the addition of KI 
that was used as a holes scavenger. This suggests that the positively charged holes 
were actively involved in the degradation of BPA.  
 
Figure 6.14: Photodegradation of BPA by 2% Ag@TiO2-PANI after addition of 
different reactive species scavengers under visible irradiation. 
In the presence of BQ, which was used as scavenger for superoxide radicals, 
degradation was reduced to 70 %. This suggests that the superoxide radicals were 
also involved in the degradation of BPA although their involvement was not as 
dominant as the positive holes. In the presence of 10%, IPA which was used as a 
scavenger for hydroxyl radicals, a slight decrease in the degradation efficiency was 
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observed suggesting that the hydroxyl radicals were not the dominant reactive 
species in the degradation of BPA by 2% Ag@TiO2-PANI. 
6.4.5 Mineralization of BPA 
To test the activity of the 2% Ag@TiO2-PANI, BPA mineralization was investigated 
by measuring the total organic carbon (TOC) variation during the degradation 
process. An initial BPA concentration of 5 mg/L was used. The results are shown in 
Figure 6.15. 
 
Figure 6.15: Removal of TOC during BPA degradation by Ag@TiO2-PANI under 
visible light irradiation. 
The results show that the photodegradation of BPA by Ag@TiO2-PANI was effective 
under visible light irradiation. The results show that 56% of TOC was removed when 
98% of BPA was degraded. 
6.4.6 Reusability of Ag@TiO2-PANI 
The reusability of photocatalysts reduce the cost of the degradation process. To 
evaluate the performance of 2% Ag@TiO2-PANI over reuse, the catalyst was 
collected by vacuum filtration after the degradation of 5 mg/L BPA, washed with 
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Milli-Q water and dried at 60°C in an oven. The weight loss of the catalyst was 
determined after which the dried catalyst was used for the degradation of a 5 mg/L 
BPA fresh solution in each of the cycles it was reused (four). The weight loss was 
determined and in our study, it was ~ 5%. Figure 6.16 shows the degradation 
performance of the photocatalyst after four runs. The results show that there was 
very little loss of efficiency by the catalyst with a degradation of at least 90% in the 
fourth cycle.  
 
Figure 6.16: Reusability of 2% Ag@TiO2-PANI for the degradation of BPA. 
6.5 CONCLUSION 
A PANI anchored 2% Ag@TiO2 nanocomposite was successfully synthesized and 
applied for the degradation of BPA under UV and visible light radiation. TEM images 
showed successful deposition of Ag nanoparticles on TiO2 nanofibers. TEM images 
also showed the successful wrapping of the 2% Ag@TiO2 in a PANI polymer matrix. 
The Tauc`s plot showed that the band gap of the TiO2 was reduced by the addition 
of Ag nanoparticles from 3.24 eV to 3.0 eV. The degradation experiments 
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highlighted that the incorporation of Ag and PANI improved the performance of the 
nanocomposites under UV and visible light irradiation with a removal of up to 99.8% 
attained in 110 mins under visible light. In addition, the degradation experiments 
showed that the reactive species that were dominant in the degradation of BPA were 
h+ and .O2-. The PANI supported 2% Ag@TiO2 nanocomposite can be reused at 
least four times to degrade 5 mg/L BPA solution. 
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CHAPTER 7:  
CONCLUSION AND RECOMMENDATION 
7.1 INTRODUCTION 
This chapter aims at providing a concise summary of the findings of this study. The 
extent of fulfilling the objectives is shown in this chapter. Finally, recommendations 
for future work are given in this chapter.  
7.2 GENERAL CONCLUSIONS 
The main thrust of this Ph.D. research project was to prepare nanostructured 
titanium dioxide composites and use them in the removal of selected emerging 
organic pollutants. These as-synthesized nanostructures were prepared via wet 
chemical methods. This study revealed that the band gap of TiO2 can be reduced 
by modification of its surface by introducing metal dopants. The study also revealed 
the charge separation in a TiO2 based nanostructure can be achieved by doping 
with metal dopants such as Ag and pairing TiO2 with other semiconductor materials 
such as WO3. The charge separation in metal-doped TiO2 was due to the 
scavenging of electrons in the conduction band by the metal centers. In addition, 
the study also revealed that charge separation can be effected by anchoring TiO2 
based nanostructures on a conducting support such as PANI. Surface modification 
of TiO2 with PANI resulted in enhanced performance in the degradation of BPA. The 
improvement was brought about by the absorption property effected by PANI in 
addition to change separation. 
The study revealed that the band gap of TiO2 can be reduced by forming a 
heterojunction with another semiconductor. WO3@TiO2 nanocomposite had an 
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estimated band gap of 3.05 eV compared to the 3.22 eV of the virgin TiO2. The 
pairing of the semiconductors resulted in shifting of the band edge of the 
semiconductor to a higher wavelength allowing its use under visible irradiation.  
Anchoring of TiO2 based nanocomposites on PANI resulted in an enhanced 
performance in the removal of BPA and ibuprofen. This was ascribed to the ability 
of PANI to adsorb the organics via π-π stacking and hydrogen bonding on its surface 
resulting in maximum degradation by the semiconductor. 
The synthesis of TiO2 using a microwave synthesis approach resulted in a change 
in morphology to nanofibers compared to nanorods that were produced under 
hydrothermal synthesis. Microwave synthesis proved to be a faster method that also 
produced more uniform nanostructures compared to the hydrothermal synthetic 
route. 
One of the major findings of this study was that the presence of humic acids in 
solution at different concentrations inhibited the degradation of BPA. This was 
because humic acid quenched OH. radicals that are critical for the degradation 
process. In the degradation of ibuprofen, HCO3- and S2O82- ions influenced the 
degradation process. The HCO3- increased the degradation of ibuprofen at a 
concentration of 0.5 mM to 5 mM. A further increase in HCO3- concentration to 10 
mM, resulted in little effect on the degradation process. On the other hand, the 
addition of S2O82- ions upto 10 mM resulted in acceleration of the degradation rate 
of ibuprofen. 
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7.2 RECOMMENDATIONS 
This research has led to further questions in need of further investigation. The 
following recommendations could be considered for future study. 
 Different synthetic techniques need to be explored to investigate the different 
morphologies that could result and the influence of these different morphologies on 
degradation of emerging organic pollutants. 
 Different supports for TiO2 nanocomposites should be investigated and their 
influence on degradation of BPA and ibuprofen determined. 
 More studies could be investigated on the degradation of BPA and ibuprofen using 
different semiconductors. 
 Utilization of non-metal modifications especially phosphorous and graphitic carbon 
nitride for degradation of BPA and ibuprofen.  
 Theoretical study using density functional theory (DFT) need to be explored to 
investigate the surface-adsorbed species in order to have a better understanding of 
the reactivity of the species and the surface of the semiconductors. This will go a 
long way in assisting in future design of materials for degradation of emerging 
organic pollutants. 
 There is need to come up with better designs for catalysts that can be recovered 
after use in addition to their regeneration to reduce the overall cost of the 
degradation process in large scale applications. 
 The as-synthesized nanostructures in this study can be explored further in hydrogen 
production, supercapacitors, batteries, and gas sensing applications. 
 The TiO2- based nanocomposites open up opportunities in reduction of CO2 that 
maybe explored in the future. 
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 The Ag doped photocatalyst can be investigated for antimicrobial activity to solve 
another water problem. 
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APPENDIX 1 
 
Appendix 1.1:  Summary of adsorption and degradation of BPA. 
Catalyst 
 
 
 
UV radiation Visible light radiation 
% BPA 
adsorption 
(30 min) 
% BPA 
degradation after 
(80 min)  
% BPA 
adsorption 
(30 min) 
% BPA 
degradation after 
(120 min) 
TiO2 
Ag@TiO2 
Ag@TiO2-PANI  
 4                         60                              2                             62 
 5.6                      99.5                          7.2                           95.8 
 10                       99.8                          9.9                           99.8 
 
 
 
Appendix 1.2: Summary of adsorption and degradation of ibuprofen 
adsorption. 
 
 
 
  
 
 
 
 
 
Catalyst % Ibuprofen adsorption  
(30 min) 
% Ibuprofen degradation after 
(120 min) 
TiO2                                        1                                                  58.5 
WO3                                        0.5                                               50.0   
WO3@TiO2                              3                                                  90.0 
PANI/WO3@TiO2                    10                                                99.8           
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APPENDIX 2 
 
Appendix 1.3: Photodegradation rate constants for the degradation of BPA 
under UV and visible radiation.   
Sample Rate constant kmin-1 
under UV radiation 
Rate constant kmin-1 
under visible radiation 
TiO2                                                                   1.96 X 10-2                                         1.78 X 10-2 
Ag@TiO2                                                       2.8   X 10-2                                         2.3   X 10-2 
Ag@TiO2-PANI                           3.4   X 10-2                                         2.85 X 10-2 
 
 
 
 
